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ABSTRACT
This work demonstrates the capability of a readily available, and portable
Laser Induced Breakdown Spectroscopy (LIBS) systems to conduct field
screening of samples with nuclear forensics interest.
A hand-held device for laser-induced breakdown spectroscopy has been
investigated for the determination of uranyl fluoride surface contamination. This
research demonstrates the ability to successfully detect uranium on surfaces
when using a low resolving power (l/Dl= 4000) [lambda/ delta lambda]
spectrograph, with a 5mJ [milijoule] energy per 1 ns [nanosecond] pulsed laser
radiation, available as a commercially packaged hand-held system. Sand/uranyl
fluoride mixtures are prepared to simulate residue likely encountered during
decontamination efforts at facilities that handle uranium hexafluoride. Detection
limits are described for four uranium lines with one revealing the capability to
detect uranium at a level of 250 parts-per-million. Advantages of the studied
compact device include that location specific information can be obtained on-site
to augment contamination identification.
This work also demonstrates the capability of a readily available,
potentially portable Laser Induced Breakdown Spectroscopy (LIBS) system to
conduct macroscopic chemical mapping of uranium and iron in surrogate nuclear
debris for sample interior and exterior surfaces, for the first time. Techniques
focus on the mitigation of chemical and physical matrix effects of four uranium
atomic emission lines, relatively free of interferences and of good analytical
value. The acceptable data spatial resolution is 0.5 mm [millimeter]. A material
fractionation pattern occurs and is discussed in terms of constituent melting
temperatures and thermal gradients experienced during the cooling process is
proposed.
Finally, Areas of further research to advance portable LIBS capabilities for
nuclear forensics are discussed.
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INTRODUCTION
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Laser induced breakdown spectroscopy (LIBS) systems continue to show
potential to complement existing capabilities in the nuclear forensics community
because of their ability to conduct rapid chemical analysis with little to no sample
preparation. Portable LIBS systems are attractive to the chemical, biological,
radiological, nuclear, and high explosives (CBRNE) communities, particularly due
to their potential for use in the areas of field screening of environmental samples,
holdup measurements, potential standoff capability, and the identification of
localized surface contamination [1–7]. Recent advances in LIBS techniques
have established limits of detection (LOD) typically of the order of tens to
hundreds of parts per million (ppm) for heavy metals in various environmental
matrices and in some cases much lower. For example, Martin et al. [3] achieved
a LODs for strontium, cerium, and cesium of 10, 100, and 600 ppm respectively
in CaCo3 and graphite pellets, and Barefield et al. [8] reported a LOD for uranium
in a pressed SiO2 pellet of 270 ppm. Lower LODs in for minor metals in alloys
have also been achieved. Fichet et al. [9] improved LODs below 10 ppm for iron,
magnesium, manganese, and nickel in metal alloys and a LOD of 15 ppm for
lead and zinc. Sabsabi et al. [10] published LODs below 10 ppm for magnesium
and copper in aluminum and copper alloys. Some femtosecond LIBS systems
have achieved even lower LODs (~0.1-0.01 ppm) in idealized conditions as
summarized by Labutin [11].
While hand-held instruments used on environmental samples cannot
compare to the detection levels capable through laboratory scale LIBS or
destructive assay techniques such as mass spectrometry, the use of hand-held
LIBS as an environmental screening technique could allow collectors to find and
focus on analyte hot spots.
Hold-up measurements in uranium enrichment plants is one area of
nuclear forensics that could benefit from an improved sample screening
capability. Both gaseous centrifuge and diffusion plants contain miles of piping
used to move uranium hexafluoride (UF6) between different enrichment stages
and holding areas. For example, the Portsmouth Gaseous Diffusion Plant is a
historical sit that is now decommissioned and undergoing an environmental
remediation effort. [12].
When UF6 is exposed to atmospheric air, it reacts with water vapor to form
uranyl fluoride (UO2F2) as shown in Reaction 1,
UF6 + 2H2O→ UO2F2 + 4HF.

(1)

Completing remediation efforts at a site like Portsmouth requires
screening hundreds of miles of old piping in-situ to identify uranyl-fluoride residue
that may have built up inside the pipes over the years. Current screening
techniques, such as radiation survey meters, typically struggle to achieve the
sensitivity required to take such measurements without excessive counting times.
This is primarily due to the inherently weak uranium gamma signature and its
attenuation through the piping before reaching the external survey meter.
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Once an area that contains UO2F2 is identified, either visually or via
radiation counters, remediation workers must clean and decontaminate the area
to insure all traces of radioactive and other hazardous substances (e.g., HF)
have been removed. In order to confirm that their remediation efforts were
thorough, often swipe tests are taken that must be processed at an offsite
laboratory with concomitant work delays [13–15]. Additionally, since portable
radiation detectors typically do not allow the user to pinpoint the exact location of
the contamination and often require long dwell times to identify very low levels of
contamination, swipes from multiple locations must be processed after each
decontamination attempt.
Another area where portable LIBS systems could be of use to the nuclear
forensics community is the timely and accurate screening and characterization of
both surrogate and real debris from a nuclear detonation. For real world debris,
this type of analysis requires speed and a high degree of accuracy since
potentially time-sensitive national security decisions may be based on the results.
To aid in the timely and accurate processing of debris samples, it is beneficial to
have an enhanced capability to screen samples for forensics value at the
collection site, before transporting the samples to comprehensive analysis in
laboratories across the country. Augmenting current screening capabilities with
portable Laser-Induced Breakdown Spectroscopy (LIBS) systems may provide
such an enhanced capability.
When collecting real-world nuclear debris samples, it is important to find
samples rich in fission products. Usually, it is the rarest fission production that
offer the highest forensics value. Certainly, other techniques such as mass
spectrometry can identify trace fission products at lower limits of detection than
LIBS. However, these techniques are not portable. They are also time
consuming and expensive. Therefore, effective pre-screening is valuable.
Portable x-ray fluorescence (XRF) systems can provide an elemental screening
capability. [16] However, portable LIBS systems can offer better limits of
detection (LOD) for certain elements [17], stand-off capabilities [18–20], and
possibly isotopic information. [21–25]
Similarly, timely and accurate screening is important for the production of
surrogate debris. Production techniques vary and can produce excess
heterogeneity if the production parameters are not carefully controlled. Since this
debris is often distributed to both laboratories and field collection units for
training, it is important to insure these training aids are produced reliably and
distributed with confirmed chemical, radiological, and morphological
characteristics. One chemical characteristic that is particularly important to verify
is the distribution of fissionable materials such as uranium. LIBS and micro-xray
fluorescence (mXRF) have both been used to map elements previously including
uranium [26–29]. However, LIBS may provide an advantage over mXRF
because of its previously mentioned potential for better LODs and potential to
provide isotopic information. [5,23,25,30,31]
3

Laser-Induced Breakdown Spectroscopy (LIBS)
Recent advances in miniaturization of quality laser-induced breakdown
spectroscopy (LIBS) instruments have continued increase potential for LIBS to
be useful to the nuclear forensics community. LIBS analysis can provide
elemental identification and quantification in an almost fully nondestructive way.
These results are typically available in seconds. Additionally, because little to no
sample preparation is required, portable LIBS systems appear to be a great
candidate for field analysis. LIBS systems can also be modified to include
standoff capabilities which has been put to use in applications such as the
ChemCam instrument suite aboard the Curiosity Mars [32] rover as well as for
explosive residue detection and identification systems for first responders. [4]
A LIBS instrument works by blasting a small portion of the sample with a
short pulse of laser energy that ablates some material and forms a microplasma.
The most common laser used in LIBS systems today is a Q-switched Nd:YAG
laser with its characteristic wavelength of 1064 nm or one of its harmonics,
although several other types of lasers have also been used. Commonly these
lasers feature 3-10 ns pulse widths, although many recent research efforts have
begun to use lasers capable of picosecond and femtosecond pulses to lower
LODs and improve signal-to-noise ratios. Standard benchtop LIBS lasers
typically generate around 50-300 mJ energy per pulse on a 75-100 μm spot size.
This equates to an irradiance of the order of 500 GW/cm2. Some laboratory
instruments can reach irradiance levels of the order of 10,000 GW/cm2. [33]
The plasma formed by the laser ablation consists of a combination of
molecules, atoms, ions, and free electrons. Overall the plasma is electrically
neutral, but the free electrons and ions can create strong electric fields within the
plasma. As the plasma temperature increases, so does the level of ionization.
LIBS plasmas are typically considered weakly ionized with less than 10% of the
plasma consisting of free electrons. [34] However, in some cases LIBS plasmas
can reach plasma ionization levels that are much higher, particularly by the use
of the double pulse technique which can increase the ion population by at least
an order of magnitude. [35,36]
As the plasma cools, the level of ionization decreases. Electrons begin to
recombine with ions and molecules begin to form. Throughout the recombination
process, a background continuum of radiation continues primarily from
bremsstrahlung radiation emitted by electrons as they de-accelerate and change
their direction of movement. The bremsstrahlung background decays faster
than the atomic emission lines which presents an opportunity to see the atomic
emission lines, which dominate the spectra 5-10 μs after plasma initiation.
Molecular recombination peaks dominate at a later timescale of the order of 1020 μs.
Figure 1 below illustrates how the optical signal intensity varies as function
of time and the two insets describe typical spectra one would expect to see at the
given time frames. We note that the early time frame is dominated by
4

bremsstrahlung and provides little spectroscopic information. In the later
timescale, atomic emission spectra are clearly evident. In the diagram, td refers
to delay time, or how long the spectrometer waits before recording and tb is the
gate time, or duration for which spectra are recorded.

Figure 1. LIBS Optical Intensity as a function of time for a typical Nd:YAG
laser. Taken from Cremers’ Handbook for Laser-Induced Breakdown
Spectroscopy. [34]
The wavelengths of the photon emissions from recombination and
electron de-excitation are characteristic of each particular atom. They provide an
atomic fingerprint for each atom and have been characterized well by the
National Institute of Standards and Technology (NIST), among others from years
of atomic emission spectroscopy experiments. [37] If a proper grating and
moderately high resolution spectrometer is used, these emission lines can
confirm the presence of a particular atomic species. With proper calibration,
these emission lines can possibly provide a quantification of the amount of a
species that is present as well.

LIBS Analytical Challenges
Atomic identification and quantification via LIBS is not without its
challenges. Spectral lines generated via laser induced breakdown (LIB) will face
several different broadening effects that affect their usefulness for atomic
transition identification. All spectral lines will have a natural linewidth stemming
5

from natural dampening of the atomic transition oscillations. Doppler broadening
from the thermal motion of the atoms and collisional broadening with neutrals
play a larger role. In most LIBS spectra, the electron densities are high enough
to create strong local electric fields which interact with atomic emissions. This is
usually the most dominant broadening mechanism and is referred to as the Stark
effect. The literature describes several techniques which can be used to reduce
these types of broadening such as the use of an inert cover gas or vacuum,
delaying measurements until Stark effects are reduced, and repeating the
measurements over many laser shots to reduce the statistical uncertainty in the
peak locations.
Another significant challenges to LIBS analysis is to identify and minimize
matrix effects. [38] Chemical matrix effects occur when one chemical interferes
with other chemicals’ ability to interact with the laser energy. For example, iron
has a low ionization potential and is relatively opaque to light in visible and nearIR regions used by most lasers. Therefore, it tends to ionize more easily than
nonmetals such as silicon and will tend to be overrepresented in the plasma.
Furthermore, neutral iron contains 26 electrons, which leads to an excess of
atomic emission lines throughout the IR, visible, and UV Spectra. Indeed, the
NIST database lists 12,966 Fe I and II emission lines between 200 and 800
nanometers, which is the range typically used by broadband LIBS
spectrometers. [37] These iron lines can interfere with the signal of other
analytes which may be of more interest to the researcher. Physical matrix effects
can be even more problematic for LIBS analysis, especially when operating in
field conditions. Physical matrix effects occur during the ablation process where
attributes such as the degree of sample crystallinity, grain size, hardness, and
variable surface textures affect the degree of laser energy coupling. These
effects can decrease the repeatability of a measurement and make quantification
more difficult. [39] For samples such as powders and liquids, several different
techniques have been used to mitigate these effects including fusing the sample
into a glass, pressing it into a pellet, or swiping/evaporating it onto a swipe
material. [6,40–42]

Uranium Limits of Detection
Establishing the LOD for trace levels of uranium in various matrices has
been an active research area for many years. Detecting trace uranium with LIBS
is somewhat challenging because it emits spectra in a multitude of lines with
many of its strongest lines suffering from matrix interferences from other common
elements. Nonetheless, a body of literature demonstrates that detection of trace
levels of uranium is possible in the 100’s of ppm range using different techniques
to enhance the signal.
In 2008, Shen and Lu noted trace uranium emission spectra is complex
and suffers from interferences from other elements such as cobalt, nickel, and
iron. However, by using a tunable laser they were able to use LIBS combined
6

with Laser-Induced Florescence (LIF) to achieve a limit of detection of 462 ppm
for uranium in glass at atmospheric conditions. [43] Similarly, Lri et al., used a
LIBS with Plasma-Induced Fluorescence to achieve a LOD for uranium in glass
of 160 ppm in 2015. [44] In 2012 Kim et al. (KAERI) achieved a LOD of
approximately 160 ppm for sintered uranium ore pellets under atmospheric
conditions with a relatively high resolution spectrometer. λ/δλ = 20,000. [45]
Perhaps most notable for the purposes of this research effort, are the
efforts of Los Alamos National Laboratory (LANL) and Lawrence Berkeley
National Laboratory (LBNL) to develop field deployable LIBS systems for
environmental uranium detection. LANL’s efforts took the form of a backpackstyle LIBS system which could successfully detect uranium in soil in the 100’s of
ppm range, but required advanced spectrometers (λ/δλ > 20,000). [2,6] LBNL
estimated a LOD for 1% uranium in soil pellets of 500-2000 ppm depending on
choice of spectral lines with the use of laboratory scale pellet compaction and
spectrometers capable of achieving a bandpass of 13 pm. [5]
One area that appears absent from the literature is the characterization of
environmental uranium detection with relatively inexpensive benchtop and
handheld systems. Quantifying this capability coupled with field expedient
methods to enhance could provide a first true measure of usefulness of LIBS
systems for forensics in a field environment.

Isotopic Discrimination
Discerning uranium isotopic ratios has also been studied and is possible
with LIBS although challenging. Most researchers have taken advantage of the
U II 424.437 nm spectral shift, which is considered the largest for a strong line,
yet still remains merely 25 pm. Other candidate lines have been used as well. In
2013 Chan et al. (LBNL) conducted computer simulations and LIBS experiments
to quantify isotopic shifts in 43 candidate lines for uranium. [31] Yet, none looked
more promising in terms of the magnitudes of the shifts. Nonetheless, multiple
researchers have demonstrated success in determining uranium isotopic ratios
using this technique at atmospheric conditions. However, in each case, true field
conditions were not achieved as the samples were either purified before analysis,
compacted into pellets with large scale presses, fused into a glass, or took
advantage of higher resolution spectrometers or femtosecond
lasers. [6,21,25,44,46,47] In almost all instances, the researchers also made use
of advanced chemometric techniques such as Partial Least Squares (PLS)
regression, Principle Component Analysis (PCA), and Artificial Neural Networks
(ANN) to help deconvolve partially resolved isotope peaks.
Recently, interest has increased in using LIBS systems to observe isotopic
shifts in molecular de-excitations in a related technique known as Laser Ablation
Molecular Isotope Spectroscopy (LAMIS). LAMIS was first proposed to the
nuclear community by Russo et al. in 2011 and its isotopic analysis was
successfully demonstrated for boron and strontium by Mao et al in the same
7

year. [24,48,49] LAMIS takes advantage of an approximately order of magnitude
larger isotopic shift in the band heads of diatomic molecule de-excitations when
compared to their respective atomic emissions. The technique shows promise,
and other research groups have started exploring the technique. [19,50,51]
However, the molecular emission band heads do not show prominence in the
spectra until later delay times (10-15 μs) when the total signal is diminished. This
may present a problem for very low to trace levels of uranium concentration.

Nuclear Debris Analysis
Trinitite
The analysis of debris from nuclear detonations dates back to the
Manhattan project, but has found renewed interest in the last two decades as the
emphasis on nuclear forensics for attribution has increased. The form of nuclear
debris that has been studied most extensively is trinitite, the glassy melted
substance from the very first full yield nuclear test. [16,52–59] These studies
demonstrate that trinitite is a compositionally heterogeneous mixture of
completely melted, partially melted, and unmelted minerals found in the local
geology, with the glassy and eddied portions of the trinitite containing most of the
unfissioned Pu fuel and fission products.” [60]
In 2006 Parekh et al. investigated residual radioactivity levels in trinitite
using a spectrometry, high-efficiency gamma-ray spectrometry, and lowbackground beta radiation counting, following the radiochemistry for selected
radionuclides following dissolution. [52]
In 2010 Fahey et al. conducted a study of one thin, polished section of
trinitite using secondary ion mass spectrometry (SIMS) for isotopics, radiography
to identify areas of higher radiological emission, and MXRF to identify major
elemental distributions. They noted that at least for their sample Plutonium,
Uranium (presumably from the tamper) and calcium tended to collocate. [16]
In 2010 Eby et al. conducted an exhaustive study of the permutation of
trinitite. They identified several variants of the substance including the standard
refractory green, a red variant high in copper found North of ground zero and
small dumbbell shaped molten droplets (of the order of 5mm long) that
sometimes could be concentrated by ants at the tops of anthills. (i.e. anthill
trinitite). Via x-ray diffraction they verified that only quartz crystalline structures
remained partially melted. All other minerals had completely melted. Swirly
patterns were apparent via SEM and BSE was used to complete chemical maps
showing heterogeneity at the 10-100 µm scale. [53]
In 2011 Belloni et al. investigated the distribution of radionuclides in
trinitite via sectioning and radiography. [54] In 2012 Bellucci and Simonetti et al.
documented the 3D morphology of trinitite-hosted metallic inclusions and
provided the first observations of alloys consisting primarily of Pb, Ta, Ga, and W
in trinitite. Scanning SEM and BSE imaging were employed, as well as EDS for
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determining the chemical composition of the inclusions. [55] In 2013 Bellucci et
al. investigated the residual activity of radionuclides in trinitite via gamma
spectroscopy of different samples taken different distances from ground
zero. [56]
In 2013 Wallace et al. reported the spatial distribution of radiation within
trinitite thin sections produced chemical maps using alpha track radiography and
beta autoradiography in combination with optical microscopy and scanning
electron microscopy. LA-ICP-MS analyses was also used to determine weighted
averages of 235U/238U and 240Pu/239Pu ratios. Notably, they determined that
Plutonium was not incorporated into unmelted crystalline grains of precursor
minerals but was almost exclusively found in the glassy trinitite matrix. [58]
In 2014 Sharp et al. identified areas of concentrated weapons grade
plutonium and non-normal lanthanide distributions in trinitite via electron
microscopy techniques, dissolution and chromatography. [59] Also in 2014,
Bellucci et al. used a chemometric technique to determine the anthropogenic vs.
natural components of green glassy trinitite. Chemical maps for major elements
were constructed utilizing a Micro XRF system and maps for trace elements were
completed using a LA-ICP-MS system. [57]
Finally, in 2015 Donohue et al conducted a comprehensive cross-sectional
analysis of major and trace element abundances and 240Pu/239Pu ratios within
vertically oriented Trinitite thin sections. They used the standard suite of
Photoshop, mXRF, and LA-ICP-MS. [61]
Other nuclear debris
Other nuclear debris have been studied as well. Many of the results of
these studies are not available due to classification concerns. However, some
unclassified reports and papers have also been published.
In 1999 Kersting and Smith of LLNL conducted a study of nuclear melt
glass textures and surfaces from ten separate underground nuclear tests. They
concluded that in general melt glass is black, “frothy” and vesicular. They also
noted that the samples also had light pumiceous and lithic fragments
incorporated into the darker, more vitreous glassy matrix. Thus, the samples
were highly heterogeneous. The level of heterogeneity and vescularity varied
from sample to sample, depending on the shot and location of the collection. But
in all cases, the samples were considered heterogeneous and the appearance
was independent of detonation yield and soil composition. [62]
In 2000 Eaton and Smith performed alpha spectroscopy, x-ray diffraction,
and SEM analysis on actual nuclear debris collected from the Nevada Test Site
to determine actinide distributions and to study the potential for actinide
mobilization into the environment. [63]
In 2015 Lewis et al. conducted a study of aerodynamic fallout from
uranium fueled nuclear tests. Their samples were characterized by secondary
ion mass spectrometry (SIMS), electron probe microanalysis, autoradiography,
scanning electron microscopy (SEM), and energy-dispersive x-ray spectroscopy
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(EDS). They determined extensive variation in the level of heterogeneity between
the sphericals and extensive variation in the Uranium isotopic ratios suggesting
different levels of mixing as the sphericals were formed. [60]

Surrogate Nuclear Debris Research
In 2013 Harvey et al. made the first reported attempt to develop at
surrogate nuclear debris material by immersing porous chromatographic
materials in metallic solutions of forensic interest and then heating the loaded
materials to drive off water and load the metals within the pores of the material.
The resultant samples were then analyzed using Raman Spectroscopy, ICPOES, and SEM. [64] Reproducibility was measured in terms of loadings by
dissolving 2 batches and conducting ICP-OES.
In 2013 Dai et al. described the potential to use an electric arc to fuse
materials together to produce surrogate debris. [65] Then, in 2014 Carney at al.
reported on their preliminary work to synthesize, irradiate and fractionate the
fission product content of irradiated particulate glass using a thermal distillation 2
h after irradiation. The glass was synthesized using a solution-based
polymerization of tetraethyl orthosilicate. The resultant fission product
composition of the sample was analyzed via gamma ray spectroscopy. [66]
In 2015 Liezers et al. described a new approach to the bench top
production of surrogate nuclear explosion debris by employing high power
continuous wave CO2 laser irradiation. In 2016 Liezers then described the
incorporation of isotopically enriched xenon into this formulation [67,68]
In 2015 Molgaard et al. , proposed a method for producing synthetic
debris similar to the melt glass produced by nuclear surface testing. Trinitite is
used as the benchmark for this study. Then, In 2017 Nizinski et. al. described this
production process in more detail. [69,70]
In 2015 Giminaro et al. proposed a method is developed for predicting and
formulating realistic synthetic post-detonation debris relevant to a nuclear surface
detonation in arbitrary urban settings. [71] Then, in 2017 Seybert et al. proposed
a similar model modified to define the elemental composition of vaporized debris
from a marine-urban nuclear detonation. [72]
Finally, In 2017 Campbell et al. analyzed surrogate debris produced by
doping a soda-lime and cement matrix with uranium and other elements
expected to be present in actual debris. [73]
These studies have focused on the initial results from different
formulations and production schemes. Very limited research has been dedicated
to scrutinizing these techniques in terms of product reliability and reproducibility.
LIBS analysis may help the community take this next step.
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CHAPTER I
DETECTION OF URANYL FLUORIDE AND SAND SURFACE
CONTAMINATION ON METAL SUBSTRATES BY HAND-HELD
LASER INDUCED BREAKDOWN SPECTROSCOPY
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Abstract
A hand-held device for laser-induced breakdown spectroscopy has been
investigated for the determination of uranyl fluoride surface contamination. This
research demonstrates the ability to successfully detect uranium on surfaces
when using a low resolving power (l/Dl= 4000) spectrograph, with a 5mJ energy
per 1 ns pulsed laser radiation, available as a commercially packaged hand-held
system. Sand/uranyl fluoride mixtures are prepared to simulate residue likely
encountered during decontamination efforts at facilities that handle uranium
hexafluoride. Detection limits are described for four uranium lines with one
revealing the capability to detect uranium at a level of 250 parts-per-million.
Advantages of the studied compact device include that location specific
information can be obtained on-site to augment contamination identification.

Introduction
Laser induced breakdown spectroscopy (LIBS) systems continue to show
potential to complement existing capabilities in the nuclear forensics community
because of their ability to conduct rapid chemical analysis with little to no sample
preparation. Portable LIBS systems are attractive to the chemical, biological,
radiological, nuclear, and high explosives (CBRNE) communities, particularly due
to their potential for use in the areas of field screening of environmental samples,
holdup measurements, potential standoff capability, and the identification of
localized surface contamination [1–7]. Recent advances in LIBS techniques
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have established limits of detection (LOD) typically of the order of tens to
hundreds of parts per million (ppm) for heavy metals in various environmental
matrices and in some cases much lower. For example, Martin et al. [3] achieved
a LODs for strontium, cerium, and cesium of 10, 100, and 600 ppm respectively
in CaCo3 and graphite pellets, and Barefield et al. [8] reported a LOD for uranium
in a pressed SiO2 pellet of 270 ppm. Lower LODs in for minor metals in alloys
have also been achieved. Fichet et al. [9] improved LODs below 10 ppm for iron,
magnesium, manganese, and nickel in metal alloys and a LOD of 15 ppm for
lead and zinc. Sabsabi et al. [10] published LODs below 10 ppm for magnesium
and copper in aluminum and copper alloys. Some femtosecond LIBS systems
have achieved even lower LODs (~0.1-0.01 ppm) in idealized conditions as
summarized by Labutin [11].
While hand-held instruments used on environmental samples cannot
compare to the detection levels capable through laboratory scale LIBS or
destructive assay techniques such as mass spectrometry, the use of hand-held
LIBS as an environmental screening or decontamination verification technique
could allow collectors to find and focus on analyte hot spots.
One area where a hand-held LIBS system could be of particularly high value is
the remediation efforts ongoing at the Portsmouth gaseous diffusion plant. The
U.S. Department of Energy (USDOE) is currently attempting to remediate this
site which involves the decontamination of hundreds of miles of uranium
hexafluoride (UF6) piping [12]. When UF6 is exposed to atmospheric air, it reacts
with water vapor to form uranyl fluoride (UO2F2) as shown in Reaction 1,
UF6 + 2H2O→ UO2F2 + 4HF.

(1)

UO2F2 is an extremely stable substance. It does not thermally decompose to
lower-energy U3O8 (or U4O9) at temperatures below 200–300 ◦ C. Neither will
UO2F2 react with other common atmospheric species [74]. Uranyl fluoride can
form complex salts in organic bases, but these are not common in the
atmosphere and even in these cases the UO2F2 kernel usually remains
intact [75,76]. Therefore, the most common form of uranium hold-up
measurements in UF6 piping is found in the form of UO2F2, which is stable and
hydroscopic enough to gradually accumulate in localized areas over time
Once an area that contains UO2F2 is identified, either visually or via radiation
counters, remediation workers must clean and decontaminate the area to insure
all traces of radioactive and other hazardous substances (e.g., HF) have been
removed. In order to confirm that their remediation efforts were thorough, often
swipe tests are taken that must be processed at an offsite laboratory with
concomitant work delays [13–15]. Additionally, since portable radiation detectors
typically do not allow the user to pinpoint the exact location of the contamination
and often require long dwell times to identify very low levels of contamination,
swipes from multiple locations must be processed after each decontamination
attempt.
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Portable systems for LIBS present the potential to significantly streamline
the decontamination verification process by allowing rapid and accurate
screening of metal surfaces for trace levels of uranium contamination. In LIBS, a
localized spot is interrogated size thus making identification of localized high
contamination spots easier. Immediate data processing might alleviate some of
the use of the lengthier (and more expensive) process of multiple iterations of
swipe samples and destructive analysis. Such a capability would allow workers to
finish their decontamination efforts more quickly and efficiently. This in turn,
would save time and money, and reduce the overall radiation dose of workers by
reducing their exposure time.
Analysis with LIBS is accomplished with an instrument that forms a microplasma and ablates a small portion of the sample with a short, of the order of
nanosecond laser pulse. As the plasma cools, the micro-plasma emits photons
characteristic of the elements present as they cool by production of ionic
recombination and atomic de-excitation. The emitted radiation can be collected
by fiber optics and detected with a spectrometer [34,77].
However, analysis with LIBS is not without its challenges. The lack of
significant sample preparation does result in both chemical and physical matrix
effects [34,38,78,79]. Chemical matrix effects occur when one chemical
interferes with other chemicals that may interact with the laser energy. For
example, iron has a low ionization potential and is relatively opaque to light.
Therefore, it tends to ionize more easily than nonmetals such as silicon and will
tend to be overrepresented in the plasma. Furthermore, neutral iron contains 26
electrons, which leads to an excess of atomic emission lines throughout the IR,
visible, and UV Spectra. Indeed, the National Institute of Standards and
Technology (NIST ) database [37] lists 13,630 iron emission lines between 200
and 800 nanometers, which is the range typically used by LIBS spectrometers.
These iron lines can interfere with the signal of other analytes which may be of
more interest to the researcher. Physical matrix effects can be even more
problematic for LIBS analysis, especially when operating in field conditions.
Physical matrix effects occur during the ablation process where attributes such
as the degree of sample crystallinity, grain size, hardness, and variable surface
textures affect the degree of laser energy coupling. These effects can decrease
the repeatability of a measurement and make quantification more difficult.
Several different techniques have been used to mitigate these effects including
fusing the sample into a glass, pressing it into a pellet, or swiping it onto a
simpler substrate [6,41,42,80].
Several research groups previously demonstrated the use of LIBS to
detect uranium in various matrices relevant to the nuclear power industry
including geological deposits [26,32] uranium ores [45,81] and trace levels in
glass substrates [23,42,44,82–84]. Others demonstrated the use of LIBS to be
viable for nuclear safeguards applications including analyses of International
Atomic Energy Association (IAEA) swipe samples [85], solutions similar to those
in nuclear reprocessing plants [86], soil samples [5], and for standoff detection of
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radiological threat materials [38]. Researchers also applied several enhanced
LIBS techniques to uranium samples including the use of femtosecond pulse
lasers [46,47], LIBS and laser induced fluorescence tandem systems with
tunable lasers [43], double pulse lasers [35], and laser ablation molecular isotope
spectroscopy (LAMIS) [23,87] which may more reliably identify the level of
enrichment of a uranium sample. Additionally, Doucet et al. [25] demonstrated
the ability of a low-resolution system to identify enrichment levels of highly
purified uranium samples. Cremers et al. [21] demonstrated the ability to build a
prototype “backpack” style LIBS instrument with moderate resolving power
spectrometers, R = 45000-75000, capable of identifying uranium enrichment in
relatively pure samples. However, to our knowledge this is the first research that
demonstrates the ability of a low resolving power, R = 4000, and 5 mJ energy
per pulse, commercially available hand-held system for LIBS to successfully
detect uranium surface contamination in near-trace quantities.

Experimental
Material preparation
UO2F2 (natural uranium isotopic ratios, Fisher Scientific ACS reagent
grade) was prepared from uranyl nitrate hexahydrate (Fisher Scientific, ACS
reagent grade) whereupon the (UO2(NO3)2 • 6 H2O) was heated in open
atmosphere to 550°C in an alumina crucible. The temperature of the oven was
raised at 1.5°C/min till 550°C was reached and held for 12 hours and was cooled
at 1.5°C/min to room temperature. It should be noted that the material should not
exceed 650°C during heating as the UO3 will become U3O8 [75]. To confirm that
UO3 was the final product, the resulting yellow powder was characterized using
Fourier transform infrared spectroscopy (FT-IR) and powder x-ray diffraction.
Both techniques confirmed that the NO32+ was no longer present in the sample.
The UO3 was then reacted with concentrated HF (33 vol%, Fisher ACS reagent
grade) the light-yellow powder displayed in figure 2a was observed upon
evaporation of the remained liquid.
UO3 + 2 HF → UO2F2 + H2O.

(2)

The resulting powder was analyzed with Raman spectroscopy and the
resulting measurements confirmed the UO2F2 [88].
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(A)

(B)

Figure 2. UO2F2 sample (A), and sample 1 powder affixed to a
stainless steel planchette (B).
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The UO2F2 powder was then combined with pure sand (ACROS Organics
40-100 mesh) to form mixed powders with varying concentrations of UO2F2. The
level of UO2F2 contamination in each sample was quantified by measuring the
weight of the UO2F2 powder before the addition of the sand, and the weight of the
entire mixture after the two components were combined. The mixed samples
varied in weight percent UO2F2 from 39.5% to 1.0% as describe in table 1.
Table 1. Mixed Samples of Uranyl Fluoride and Sand
Sample

UO2F2
(mg)

SiO2
(mg)

Gross
(mg)

Weight Percent
UO2F2 (%)

1
2
3
4
5
6

7.7
3.4
1.8
4.7
4.4
4.8

11.8
14.8
17.8
78
161
480.3

19.5
18.2
19.6
82.7
165.4
485.1

39.5
18.2
9.2
5.7
2.7
1.0

After the mixing, a portion of each sample was affixed to a stainless steel
planchette with an adhesive (Elmer’s ® glue) in order to simulate a surface
contamination on a steel surface as shown in figure 2b. Piping used in in
processes involving UF6 gas must be lined with or wholly made of UF6–resistant
materials. The U.S. Nuclear Regulatory Commission identifies stainless steel,
aluminum, aluminum alloys, aluminum oxide, nickel, and alloys with more than
60 percent nickel content, and UF6-resistant fully fluorinated hydrocarbon
polymers as the types of materials approved for use by industry for this
application [89]. Stainless steel was chosen as the substrate for this experiment
because its high iron content presents the greatest challenge for LIBS from a
chemical interference perspective. The manual mixing helped insure a relatively
consistent distribution of the UO2F2 particles. However, no attempt was made to
melt or otherwise chemically combine to mixture’s constituents into a more
homogenous compound. The resultant surface contamination is visually
heterogeneous as one would expect in realistic applications of this technology.
The use of adhesive was somewhat artificial in replicating actual field conditions
but helped minimize laboratory contamination from the loose powder and cross
contamination from one sample to another. Analysis of blank planchettes with
and without the adhesive applied showed negligible differences in the LIBS
spectra obtained. Once prepared, the samples were placed in a sealed
container until measurements were taken.
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Instrument description
Figure 3 shows the LIBS instrument used in this experiment which was a
hand-held SciAps LIBS Z500-ER (Extended Range). It was chosen for its easy
to use form factor, ruggedness for field use, and relatively powerful laser for a
such a compact design. The Z500-ER includes a Nd:YAG Q-switched (1.06 µm)
pulsed laser (1 ns pulse width; 5 mJ/pulse). The laser is focused via internal
optics over a focal length of 1.5 cm to generate a spot size of approximately 50
µm at the nose contact plate of the instrument. The LIBS probe is easily
transportable (12×11×5 inches, 6.6 pounds with batteries), and includes an
embedded bank of four spectrometers to cover a broad band spectrum (180-900
nm, 0.1 nm FWHM) as seen in figure 4. The system also includes a confocal
aiming camera (10x magnification) which allows the user to focus collection on
specific features of interest on their sample. The Z500-ER original application
was for the identification and sorting of metal alloys, but has since expanded into
the fields of geochemistry, and process corrosion analysis of steel piping among
others [90].

Figure 3. SciAps Z500-ER LIBS.
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Figure 4. Sample spectrum from a stainless steel planchette
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Sample interrogation protocol
Wavelength and sensitivity calibrations were performed using the SciAps
built in calibration applications. Then, interrogations of each sample were
performed using the SciAps Z500-ER hand held LIBS system. Each interrogation
produced a spectrum averaged from 8 sample locations with 3 sparks per
location (24 total sparks). Each sample was measured three times to assess the
natural variability in the acquired spectra. No significant loss in signal intensity
was noted from repeated generation of micro-plasma. A gate delay of 650 ns
and an integration period of 250 ns were used to minimize the background
continuum while maintaining an appreciable signal from the uranium analyte.
The spot size for each location was approximately 50 microns which could be
visibly observed through the optical aiming system embedded in the Z500-ER.
Ablation craters could also be observed through the aiming system after each
measurement. The craters were not deep enough to penetrate through the
surface contamination. This optical system also allowed us to choose
interrogation areas that contained contaminants of interest. In this case, the
characteristic yellow powder of UO2F2.
Spectrum pre-processing
After acquiring each raw spectrum, a preprocessing routine was
performed to eliminate spurious peaks, and smooth the spectrum to facilitate
baseline removal. This routine used a combination of a Savitzky-Golay filtering,
a signal removal method (SRM), and a noise median method (NMM) to prepare
the spectrum for the application of a spline fit to the background continuum.
Each of these techniques has been used previously in spectral analysis, although
this particular combination may be unique [91]. Proper background identification
and subtraction is crucial for this type of analysis or any spectral analysis that
attempts to quantitatively compare peak heights.
Noteworthy for Savitzky-Golay (SG) filtering is that the peak locations and
integrated peak heights remain unaffected. Application of the SG filter [92] is
well-known to preserve peaks and valleys in spectra. The filter uses weighted,
adjacent data-points to accomplish a least-square type of smoothing without
distorting the data. In practice, a convolution of the data is invoked with a filter
defined in transform space.
For analysis of narrow lines, a SG filter would be preferred that is
approximately equal to data points measured across the spectral resolution.
Smoothing of background contributions can be accomplished with a SG filter with
points of the order of 10 times larger than for narrow lines. Figure 5 illustrates the
effects of 5-point and 9-point SG filters on the narrow Si I 288.16 nm line and
background contributions. As the filter size approaches the number of points
measured across the narrow line, the peak of the line is reduced, and the width is
slightly increased due to the filters action of effectively providing a weighted
average from the nearest neighbor range defined by the number of points.
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Figure 5. Si(I) 288.157 nm peak and nearby spectrum before and after
smoothing via Savitzky-Golay filter.
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Selection of analytical lines
The selection of appropriate analytical lines for LIBS of mixed samples
can be challenging. An analytical line should ideally appear with significant
signal to background intensity in pure samples, remain identifiable as the sample
concentration decreases, be well characterized, and be free of interferences from
other elements in the sample. The high atomic number, Z, of uranium can result
in hundreds of potential electronic transitions and hence cause a very congested
spectrum. Measured spectra are expected to be further congested due to
presence of iron in the planchette. In this work, the four uranium lines U II
409.013 nm, U I 502.738 nm, U I 509.539 nm, and U I 682.691 nm, are selected
because of their strong intensity and persistence at low uranium
concentrations [37]. Initial results from the samples indicated that these lines
were relatively free of interference from other lines. Figures 6-9 display the
background subtracted uranium lines. These figures also show the relative signal
strengths of the selected lines. Thus, these four uranium lines were preferred as
candidates for the identification of uranium in the samples.

Results and Discussion
Uranium peaks in LIBS spectra
All four analytical lines were identified in the sample spectrum and varied
as expected from a maximum peak height value for pure UO2F2 sample to
effectively no signal for blank samples. Self-absorption was observed in the
higher uranium concentrations, particularly with the 682.691 nm line. This line
involves a transition to the ground state making it the most susceptible to selfabsorption out of the four lines chosen for this study.
Calibration curves and limits of detection
Figures 10-13 display calibration curves for the uranium in our samples.
We used the experimental weight percent of each sample of uranyl fluoride and
the normalized intensities of the uranium spectral lines to obtain these results.
We assumed that the silicon concentration was relatively constant for low levels
of analyte and used the Si I 288.157 nm line as an internal calibration standard
for calculating peak intensity ratios. At low uranyl fluoride concentrations, the
silicon background was indeed approximately constant, but the uranyl fluoride
distribution was heterogeneous which became the dominate form of variance in
the U/Si peak ratios. It accounts for the majority of the uncertainty depicted in
figures 10-13.
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Figure 6. U(II) 409.013 nm peak height for varying uranyl fluoride
concentrations.

Figure 7. U(I) 502.738 nm peak height for varying uranyl fluoride
concentrations.
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Figure 8. U(I) 591.539 nm peak height for varying uranyl fluoride
concentrations.

Figure 9. U(I) 682.691 nm peak height for varying uranyl fluoride
concentrations

Figure 10. Calibration curve for the U II 409.013 nm line.
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Figure 11. Calibration curve for the U I 502.738 nm line.

Figure 12. Calibration curve for the U I 591.539 nm line

Figure 13. Calibration curve for U(I) 682.691 line

The level of heterogeneity varied from sample to sample as the sand and
uranium analyte were manually mixed before being applied to the planchette.
Samples 2 (18.2% uranium) and 5 (2.7% uranium) appeared visibly more
heterogeneous than the others. This lead to a higher variance in the peak ratios
and a slight bias towards higher uranium measurements. This bias was likely
caused by the laser aiming process as described in section 2-C. Because the
researcher aims the hand-held instrument at a small subsection of the
planchette, the researcher may tend to aim inadvertently at areas of generally
higher than average uranyl fluoride concentration. However, since the instrument
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collected data from 8 different locations per aiming location, areas of high and
low analyte were still interrogated. This resulted in a larger variance in uranium
peak heights for these samples and made a weighted linear regression approach
appropriate.
This constant silicon background assumption was only valid at 18.2 weight
percent uranyl fluoride and below. At higher concentrations some areas of the
sample had significant amounts of silicon replaced by uranium which lead to an
unsatisfactory level of variance in the U/Si peak ratios as well as a nonlinear
behavior. The nonlinear nature of the curve at higher concentrations is
attributable self-absorption as discussed in section 3-A and makes these
calibration curves only valid for uranium concentrations below 18 percent.
The limit of detection (LOD) is determined according to the commonly
used definition of 3σB/s, where σB is the standard deviation of the blank, and is
the sensitivity determined by the slope of the calibration curve [17,34,45,82,86].
The standard deviation, σB, is inferred from measurements of blank signals under
the same experimental conditions, where the sample was a stainless steel
planchette with only sand and adhesive applied. Table 2 lists the LODs and
calibration parameters determined from the different spectral lines of uranium. To
the best of our knowledge, this is the first report of a mixed powder non-pelletized
uranium detection limit using a hand-held laser device for analysis with LIBS.
From the data in table 2, it is clear that the 409.013 nm line is superior in
its ability to detect low levels of uranium and is capable of reliable detection at
250 ppm and above. This suggests that this handheld system for LIBS could be
an effective tool for quickly identifying localized uranium “hotspots” in similar
matrices in field conditions.
Table 2. Fitted parameters from uranium calibration curves for the
equation y = b1x + b2 and limit of detection (LOD).
Analytical
Line (nm)

b1

b1
Standard
Error

409.013
502.738
591.539
682.691

0.012
0.205
0.169
0.097

0.0006
0.010
0.019
0.006

b2

b2
Standard
Error

R2

LOD
(wt %)

LOD
(ppm)

0.0025
0.14
0.18
0.028

0.0010
0.0319
0.08
0.011

0.99
0.993
0.953
0.986

0.38
0.88
1.45
0.54

250
575
950
350

Conclusion
The hand-held LIBS system can be an effective tool for identifying
granules of UO2F2 intermixed as a surface contaminant in sand covered metallic
surfaces. The presence of uranium contamination in all samples is confirmed by
using a hand-held system. A limit of detection (LOD) of 250 ppm is achieved with
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one analytical line. The successful identification of low levels of uranium
granules is attributable to a combination of the system’s design advantages that
include picking specific sample locations at the sub-μm level, identifying uranium
lines free from significant inferences, and of course measuring spectra with
sufficient sensitivity and signal to noise ratios.
Although a reasonable LOD can be achieved with one analytical line with
the hand-held LIBS system, the instrument may not be sufficient for use on its
own for detection of uranyl fluoride contamination. However, the highly-localized
nature of the instrument’s sampling protocol makes it ideal for identifying the
specific location of a contaminant in an area. Nevertheless, because of its
localized nature, it could easily miss nearby contamination that remained outside
the spot interrogated. Furthermore, the heterogeneous nature of this type of
sampling presents additional challenges for in-field quantification of trace
contamination. The concentration of detected uranium may be correct for a
particular spot but may not be representative of the bulk contamination for an
area.
Hand-held systems for LIBS can be very effective as an augmentation to
traditional radiation survey equipment. Radiation survey equipment is best suited
for larger area surveys and can require significant time to identify very low levels
of contamination. A combination of traditional radiation survey techniques for
bulk area analysis, and hand-held LIBS to identify localized hot-spot areas could
increase decontamination efficiency.
Additional experiments in which these mixtures are melted and applied to
the planchettes in a more homogeneous mixture could be helpful to further
characterize the LOD for this instrument/matrix combination. Also, repeating this
experiment by hydrolyzing UF6 gas directly onto the UF6 piping might better
replicate the exact process of contaminant deposition. Studies to compare the
matrix effects of other materials commonly used for UF6 piping would be
beneficial as well. Additionally, a comparison study between hand-held x-ray
fluorescence and hand-held LIBS instruments for uranium surface contamination
would be useful. Nonetheless, hand-held LIBS instruments may provide a
beneficial augmentation for area decontamination projects.
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CHAPTER II
MAPPING OF URANIUM IN SURROGATE NUCLEAR DEBRIS
USING LASER-INDUCED BREAKDOWN SPECTROSCOPY
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Abstract
This work demonstrates the capability of a readily available, potentially portable
Laser Induced Breakdown Spectroscopy (LIBS) system to conduct macroscopic
chemical mapping of uranium and iron in surrogate nuclear debris for sample
interior and exterior surfaces, for the first time. Techniques focus on the
mitigation of chemical and physical matrix effects of four uranium atomic
emission lines, relatively free of interferences and of good analytical value. The
acceptable data spatial resolution is 0.5 mm. A material fractionation pattern
occurs and is discussed in terms of constituent melting temperatures and thermal
gradients experienced during the cooling process is proposed.

Introduction
Research and development in the area of the technical nuclear forensics
has found renewed vigor since 2010 when the National Research Council
published a report highlighting it as a degraded national capability and Congress
enacted US public law 111-140, the “Nuclear Forensics and Attribution
Act.” [93,94] Since that time, the nuclear forensic community has undertaken
several steps to improve our national capabilities. One such effort has been the
development of surrogate nuclear debris for training laboratory and field training
exercises. Several debris formulations have been developed at laboratories
including Idaho National Laboratory [66], Los Alamos National Laboratory [73],
Lawrence Livermore National Laboratory [65], the Pacific Northwest National
Laboratory [64,67,68], and the University of Tennessee [69,71,72]. Early
versions of these formulations used trinitite, the debris formed from the first
nuclear weapons test, as a benchmark since trinitite is openly available and has
been well characterized [16,52–59,61,66]. However, the field of surrogate
nuclear debris formulation and production has since expanded beyond trinitite to
include formulations for both urban [70,71] and marine-urban [72] debris.
Different synthesis approaches have also been explored including the
melting of precursor ingredients in a box furnace as proposed by Nizinski [70]
and formation by high power CW CO2 laser irradiation as suggested by
Liezers [68]. Each variant holds potential advantages and disadvantages, and in
each case, the surrogate material characterization is essential to determine the
degree to which it replicates our expectations for the morphology, chemical and
radio-analytic properties of actual debris.
Characterization of nuclear debris is challenging due to its chemical and
physical complex nature, as well as the radiological hazards that are inevitably
present. Several techniques for chemical and morphological analysis have been
employed including Scanning Electron Microscopy (SEM) and Electron
Dispersion Microscopy (EDS) [57,58,71] to explore chemical and morphology
distributions. Mass spectroscopy techniques are used to determine isotopic
distributions, and in some cases optical techniques such x-ray fluorescence
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(XRF) or laser-induced breakdown spectroscopy (LIBS) for chemical mapping
and/or isotopic determination [6,73].
However, one area of surrogate debris characterization that requires
attention, is the macroscopic distribution of uranium and other elements within
surrogate debris and the repeatability of those distributions from sample to
sample. Measurements from trinitite and uranium fueled real world debris
indicate a large degree of heterogeneity in major analyte concentrations and prior
studies qualitatively compared the heterogeneity of surrogate debris to real world
samples. However, these studies do not examine the issue from the perspective
of process control and repeatability. Such measurements require measurements
in a macroscopic manner, from both external and internal surfaces, and from
repeated debris production runs. The results of which would be important should
larger quantities of debris be desired for distribution to multiple labs for analysis.
To our knowledge, this is the first reported analysis of chemical mapping
of uranium in surrogate nuclear debris in such a manner. The mapping is
achieved using physical sectioning of the debris coupled with elemental relative
concentrations determined using Laser-Induced Breakdown Spectroscopy
(LIBS). In a standard LIBS arrangement, nanosecond pulsed radiation from a
laser device is used to create a micro-plasma and to ablate a portion of the
sample (10’s to 100’s of microns in diameter). Selected optics collects, a
spectrograph disperses, and a gated detector records the radiation from the
micro-plasma. The emitted line spectra are characteristic of plasma parameters
such as temperatures and electron density as well as the elements present and
their concentrations. [34,77] Generation of a micro-plasma together with timeresolved spectroscopy delivers sample information without the need for extensive
(if any) sample preparation and without or minimal damage to the sample.
LIBS and Micro-xray fluorescence (mXRF) have both been used to map
elements previously including uranium [26–29]. We focus on the LIBS technique
because previous research has demonstrated that it has the potential to provide
isotopic information simultaneously to determining major elemental
distributions. [5,23,25,30,31] Furthermore, several portable LIBS systems have
been developed which could allow this system to be useful for field screening of
nuclear debris should such a need ever arise. Although our samples did not
contain uranium sources of different isotopic mixtures, future iterations certainly
could and previous work by Lewis et. al. [60] has shown that isotopes from
uranium fueled weapons can also be distributed heterogeneously.
Several research groups previously demonstrated the use of LIBS to
detect uranium in various matrices relevant to the nuclear power industry
including geological deposits [26,32] uranium ores [45,81] and trace levels in
glass substrates. [23,42,44,82–84] Others demonstrated the use of LIBS to be
viable for nuclear safeguards applications including analyses of International
Atomic Energy Association (IAEA) swipe samples, [85] solutions similar to those
in nuclear reprocessing plants, [86] soil samples, [5] and for standoff detection of
radiological threat materials [38]. Researchers also applied several enhanced
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LIBS techniques to uranium samples including the use of femtosecond pulse
lasers, [46,47] LIBS and laser induced fluorescence tandem systems with
tunable lasers, [43] and double pulse lasers. [35] Recently, Manard [95] used a
tandem LIBS/laser ablation – inductively coupled plasma – mass spectrometry
(LA-ICP-MS) to simultaneously map major elemental constituents and collect
uranium isotopic information from individual particles on the micrometer scale.
However, to our knowledge this is the first work that uses LIBS to complete
three-dimensional mapping of a radioactive element on a macroscopic scale.

Experimental Details
Material preparation
Melt glass samples were prepared based on the urban debris
formulations proposed by Giminaro et al. [71]. Table 3 shows the weight percent
of the constituents which are similar to Giminaro’s original formulations but
contain an increased level of uranium to aid in the chemical mapping process.
Giminaro’s original Urban Debris recipe contained 0.06% UNH or 0.03%
elemental uranium prior to melting. Sample 1 contained 3.98% UNH or 1.89%
elemental uranium prior to melting. Raw materials (purchased from Fisher
Scientific) served the purpose to create samples in the specified ratios. The
resultant mixture was then hand-mixed with a mortar and pestle as described by
Nizinski [70] until homogeneous in appearance and then melted in pre-heated
box furnace (CM Furnances, Bloomfield, NJ) at 1600°C for 30 minutes.
Following the 30-minute dwell time, the constituents had formed a liquidus
material. After removal of graphite crucible, the samples cooled in sand. Figure
14 shows the resulting melt glass samples which are visually dark and glassy
similar to aerodynamic debris reported from uranium based nuclear tests. [60]
Figure 14 also illustrates the vesicular nature of the material, accentuated by the
large void in the interior of sample 2. The highly vesicular appearance in real
world bulk debris has been well described previously. [53,62,96,97]
Once formed, each bead was then set in an epoxy resin (Epoxicure 2,
Buehler) and light hand polishing accomplished removal of residual epoxy from
the bottom of the mounted sample to expose one surface. Subsequently, a
sealed box with fused silica optical windows holds the sample. The sealed box
prevented the spread of uranium containing particles during the ablation process,
while the optical windows allowed the laser light to enter the box and light from
the plasma to pass freely for collection.
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Table 3. Bulk surrogate precursor matrices
Constituent
SiO2
KOH
Al2O3
CaO
Na2O
Fe2O3
MgO
S
BaO
MnO
Ca2(PO4)2
TiO2
UNH

A

Original Urban Debris
Recipe (%)

Sample 1 (%)
57.57
3.38
14.37
6.04
3.97
7.26
2.52
0.06
0.06
0.12
0.09
0.58
3.98

60.49
3.55
15.10
6.35
3.23
7.63
2.65
0.06
0.06
0.12
0.10
0.61
0.06

B

Figure 14. (A) Sample 1 top view, (B) sample 1 bottom view
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Experimental setup
Figure 15 illustrates the experimental setup in which laser pulses from a
Nd:YAG laser operating at 355 nm wavelength (10ns pulse width, 80 mJ per
pulse) was focused via a plano-convex lens into the sample box to ablate the
material. Light generated from 60 laser pulses from each spot was then directed
into a Princeton SpectraPro 2300i Spectrometer through a focusing lens, mirror
and collection lens. As shown in figure 16, measurements taken from a Keyence
confocal laser-optical microscope indicate the ablation craters were
approximately 300-400 µm in diameter an 300-400 µm in depth. Thus, a spot
pattern spacing of 0.5 mm was selected across the surface of the sample to
provide a nearly continuous pattern of sample measurements while allowing the
material to maintain ablation crater integrity. The horizontal spacing within each
row of ablation spots was controlled with a motorized XY stage. The vertical
spacing between rows was manually adjusted and confirmed to be 0.5 mm with
two separate calipers. The spectrometer was set to record light with central
wavelength of 593 nm with a bandwidth of 20 nm and a grating of 3600
groves/mm.
The bottom (flat) surface of each sample was mapped first. After data
collection from the bottom surface was complete, sample 1 was sectioned
vertically to expose a center cross section. This center cross section was then
mapped with a coarser 1mm spot pattern to explore the limit of resolution
required for accurate uranium mapping. Figure 17 shows the difference in spot
patterns post ablation from the bottom and center cross sections of the sample.

Figure 15. Experimental Setup
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Figure 16. Typical ablation crater from surrogate melt glass material.
Ablation craters ranged from 300-400 m in both diameter and depth after
50 laser pulses

A

B

Figure 17. (A) Sample 1 bottom and (B) sample 1 cross section post
ablation
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Results and Discussion
Identification of useful uranium atomic emission lines
Laser induced plasma emissions from heavier elements are complex and
often have overlapping features. For example, Blaise and Radziemski observed
and compiled 92, 000 U I and U II lines between 310 to 900 nm in the
1970s. [98] Similarly over 7,000 Fe I and Fe II emission lines have been
observed over the same wavelength range. [99–105] In LIBS experiments on
complex samples, the resulting spectra is a superposition of emissions from all
elements present in the sample. Proper identification of emission lines becomes
challenging since the majority of peaks in the spectra experience interferences
with neighboring, overlapping peaks. The source of peaks that remain free of
interferences may not be readily apparent if multiple elements in the sample are
known to have emission near that wavelength. Furthermore, laser induced
plasmas are transient – starting with a high temperature immediately following
irradiation, then cooling down as the plasma energy disperses. This transient
nature results in different emission lines becoming dominant in the spectra as
time progresses. Finally, shot-to-shot variance is naturally higher in surrogate
debris when compared to pure samples due to the natural physical variations in
morphology ,and presumed heterogeneity in at least some chemical distributions.
Therefore, a handheld LIBS instrument (SciAps Z500-ER, Nd:YAG 1064
nm, 1 ns pulse width, 8mJ/pulse) with a broadband spectrometer (200-800 nm)
was used to screen for potential uranium emission lines of potential analytical
use. Melt glass samples were prepared in the same manner as sample 1, but
with four different levels of UNH in order to measure the difference in spectral
response. Figure 18. highlights four uranium emission lines (U II 409.013 nm, U I
502.738 nm, U I 591.539 nm, and U I 689.691 nm) that showed the most
potential for analytical use in this complex matrix. These lines were relatively
free from spectral interferences and showed a strong response to variations in
bulk uranium concentration.
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A

C

B

D

Figure 18. Emission spectra for (A) U II 409.013 nm, (B) U(I) 502.738 nm, (C)
U(I) 591.539 nm, and (D) U(I) 682.691 nm lines for varying concentrations of
uranium in surrogate debris via handheld LIBS
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Each of these emission lines was then further explored by repeating this
experiment with the primary laboratory setup which was capable of completing
the chemical mapping. The handheld and laboratory LIBS systems both used
settings of 1 µs time delay and 1 µs integration time, but some settings could not
be matched. The smaller handheld laser operated at the Nd:YAG fundamental
wavelength of 1064nm with a 1 ns pulse width and delivered 5mJ per pulse. The
larger laboratory system’s laser operated at a 355nm wavelength and delivered
80 mJ per pulse over a 10 ns pulse width. With these new settings, and the use
of a Princeton Instruments 2300 SpectraPro spectrometer the U I 591.539 nm
line was selected as the best choice. This line showed the strongest, interference
free response. The laboratory spectrometer grating was set at 1600 grooves/mm
to maximize resolution which also limited the spectral bandwidth to approximately
20 nm. Even with this limitation, the U I 591.539 nm line’s proximity to the
sodium D1 and D2 lines, and Fe I 585.959 nm line would allow for peak ratio
comparisons to major elements in the sample.
Figure 19 illustrates the spectral response to the presence of uranium in
the sample. The figure displays background subtracted and normalized
spectrum from the laboratory LIBS instrument in a window centered on the U I
591.539 nm line. Part A of the figure displays the normalized spectrum from both
the 24.2% uranium sample, and a blank sample with all ingredients present
except for uranium. Part B show a subtraction of the blank sample spectrum
from the 24.2% uranium spectrum to highlight the differences in spectral
response.
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0.6
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Figure 19. (A) Normalized emission spectra from uranium containing and
non-uranium surrogate debris samples from 582-598 nm. (B) Difference
spectrum showing minimal spectral interference of UI 591.539 nm line.
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Time delay and gate optimization
A temporally resolved study, as demonstrated in Figures 20 and 21,
allows the selection of an optimal time delay and gate setting in LIBS
experiments. A series of spectra were collected from the 24.2% uranium sample
with gate delays that varied from 500 ns to 3 µs in 50 ns intervals. A width of 50
ns was used for delay times less than 1 µs, and a gate width of 100 ns for gate
delays greater than 1 µs. Figure 21 shows the integrated peak height for U I
591.539 as a function of gate delay. Since this is a neutral emission line, the
peak is initially weak in the hot, and highly ionized plasma. As the plasma cools,
the peak increases in prominence and reaches a maximum relative value in the
1.2-1.5 µs. window. As the plasma cools further, the peak begins to diminish.
Therefore, a gate delay of 1 µs and gate window of 800 ns was selected to
maximize the prominence of the uranium peak while mapping its concentration.
1
0.9
0.8

Intensity (a.u.)

0.7
0.6

550 ns
800 ns
950 ns
1.0 us
1.2 us
1.4 us
1.6 us
1.8 us
2.3 us
2.6 us
2.8 us
3.0 us

0.5
0.4
0.3
0.2
0.1
0
575

580

585

590

595

600

Wavelength (nm)

Figure 20. Temporally resolved emission spectra at different ICCD delays
from a 24.2% uranium surrogate debris sample.
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3.5

U I 591.539 Peak Height (a.u.)

3

2.5

2

Time Window Selected for Uranim Mapping
1.5

1
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1500
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2500
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Time Delay (ns)

Figure 21. Integrated U I 591.539 emission line at different gate delays for
the 24.2% uranium surrogate debris sample. The selected time window of
1 to 1.8 µs yields maximum signal
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Spectral preprocessing
Spectral preprocessing routine consisting of signal-to-noise screening,
background subtraction, and normalization was applied to each the spectra of
each shot. Sensitivity of LIBS spectra to physical matrix effects is well
documented and researchers often take steps to mitigate these effects, such as
pellet pressing or polishing to a smooth glass when possible. [3,6,39,42]
However, these mitigation techniques are not feasible for this application. The
surrogate debris is naturally solid, amorphous and highly vesicular. This
physical matrix causes variability in the efficiency of laser energy coupling to the
sample, and variability in the amount of material ablated from each shot. These
effects accentuate the natural jitter in laser pulse energy and timing to create a
noticeable variance in the quality of plasma light collection from each shot.
Therefore, a screening criteria of spectral intensity was used to eliminate
particularly weak spectra that did not contain useful information. Spectral
intensity was measured as the height of the strongest peak in the raw signal.
Figure 22 illustrates that a threshold of 750 counts for spectral intensity was
chosen to eliminate spectra with an unacceptable level of noise.

1.55

10

4

High Signal to Noise -- Peak Height 4048
Low Signal to Noise -- Peak Height 668

1.5
1.45

Intensity (a.u.)

1.4
1.35
1.3
1.25
1.2
1.15
1.1
1.05

586

588

590

592

594

596

598

Wavelength (nm)

Figure 22. Screening for spectra with low signal to noise ratios. Both raw
spectra originated from the same spot on the bottom of the sample.
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The remaining spectra from each ablation site still contained a significant
level of intensity variation due to a varying plasma size generated from each
laser pulse. Therefore, individual spectra background subtraction and
normalization was appropriate. The background identification and subtraction
routine was the same as had previously been used for portable LIBS nuclear
forensics applications [106] and consists of a combination of two automated
techniques recommended Schulze et. al for automated baseline removal. [91]
The routine first uses a Signal Removal Method (SRM) which removes the
effects of large, broad peaks from the spectra. Then it uses a Noise Median
Method (NMM) to smooth the remaining spectra and counter smaller signal
variations due to minor peaks and instrumental noise as shown in Figure 23. The
background subtracted spectra were then self-normalized and all spectra from an
ablation spot were averaged to achieve a representative spectrum for that
location.
10
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raw data
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Intensity (a.u)
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Wavelength (nm)

Figure 23. Background continuum identification for raw spectra. The
baseline was identified by a combination of signal removal and noise
medium methods.
Figure 24 displays micro X-ray fluorescence (µXRF ) measurements
conducted by Los Alamos National Laboratory (LANL) on similar samples. Their
results suggest that the sodium content is relatively homogenous, while the iron
content is not. Therefore, the sodium D1 (588.995 nm) and D2 (589.592 nm)
lines were viable internal calibration standards for peak intensity ratios.
However, the D2 was preferred due to saturation of the D1 line. Furthermore,
The D1 and D2 lines are not fully resolved and a deconvolution routine was
necessary to separate the lines before calculating peak ratios.
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Figure 24. LANL XRF results on a blank (full recipe without uranium)
sample. The results suggest that sodium can be considered homogeneous
while iron tends to concentrate in certain areas. This image has been
released from LANL under LA-UR-17-29065.
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The experimentally observed shape of an emission line in a LIBS plasma
is the result of several broadening mechanisms including natural broadening,
Doppler broadening, instrumental broadening, and pressure broadening effects
including resonance, van der Waals, and Stark broadening. In LIBS plasmas,
Doppler broadening (due to thermal motion of excited atoms) and Stark
broadening (resulting from the interaction of the free electrons with excited
atoms) have been shown to dominate. [34,77,107] Doppler broadening effects
follow a Gaussian profile related to the atomic mass and temperature of the
emitting atom by the equation. [108,109]
0102 6
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where G(λ) is amplitude normalized, λ: is the center wavelength and ∆λ; is the
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where λ is the emission wavelength, T is the temperature in Kelvin, and M is the
atomic mass of the emitter in g/mol. Stark broadening effects can be described
by a symmetric Lorentzian profile. The FWHM of the Lorentzian is a measure for
the electron density. [108–111] The Lorentzian profile takes the form
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The observed line profile is then the well-known Voigt profile which is the
convolution of the two, [112]
]

𝑉 (𝜆) = [𝐺 ⊗ 𝐿](λ) = ∫1] 𝐺 (λ)′𝐿 (𝜆 − 𝜆′)𝑑𝜆′

(4)

Least Squares fitting confirms that the Voigt profile provides the best fit for
the uranium, sodium and iron peaks. Figure 25 illustrates the results. A double
Voigt profile, least squares fitting routine separates the overlapping sodium lines
and calculates the area for the D2 line. Figure 26 shows the Voigt profiles used
for the determination of the ratios.
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Figure 25. Voigt fit of the Fe I 585.595 nm line. The Gaussian (dot-dashed)
and Lorentzian (dashed) line shapes contribute primarily near the center
and the wings, respectively.

1
Spectra
Sodium D1 Peak Fit
Sodium D2 Peak Fit
Uranium Peak Fit

0.9

0.8

0.7

Intensity (a.u.)

0.6

0.5

0.4

0.3

0.2

0.1

0
584

585

586

587

588

589

590

591

592

593

Wavelength (nm)

Figure 26. Spectral Deconvolution and peak integration areas. The sodium
D1 and D2 peaks were fitted simultaneously. This spectrum was taken from
the 24.2% uranium sample to better illustrate the fitting of the strong U I
591.539 nm peak.
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Mapping results
Figure 27 displays the distributions of uranium and iron through the center
cross section of the sample. The dark dots indicate spot locations where LIBS
data was taken. The concentrations between the points were determined by 2D
linear interpolation. The interpolated shape does not exactly match the bead
cross section because some spot locations did not yield enough signal to
accurately calculate peak ratios. This defect was likely a caused by a slight
alignment offset between the optics and the sample chamber, as well as a more
limited number of data points (1mm spacing) as compared to the mapping of the
bottom of the sample where 0.5mm spacing was used. The maps are sufficient
in resolution to note a clear fractionation of the material into a regions of high
uranium/low iron content, and regions of low uranium/high iron content.
Optically, the high uranium region appears lighter and greenish in color. The
high uranium area appears much darker. The contrast of each image in figure 27
and 28 was individually adjusted to emphasize compositional zoning features
and no inferences about compositional differences between the samples can be
drawn from these images. Nonetheless, These results significant nonheterogeneity for both elements throughout the sample.
Figure 28 displays the distributions of uranium and iron on the bottom of
the sample. This area is dominated by the darker colored region and appears
more homogenous for both elements. These maps used 0.5mm spacing
between points which results in better chemical fidelity and suggests the 0.5mm
spacing may be a more appropriate threshold for macroscopic elemental
mapping in these samples. The uranium concentration shows peaks on the
edges which is indicative of a surface effect. Figure 14 illustrates that the surface
of the sample is closer in appearance to the high uranium section of figure 27,
making the uranium mapping between the two sections consistent. Iron is
relatively homogeneous across the bottom of the bead and did not show a
concentration hot spot as was seen in the LANL µXRF images. This suggests
that the distributions of high concentration areas may vary from sample to
sample, despite a consistent production process. The extent of this variation
could be measured with additional measurement of a series of surrogate melt
glass samples.
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Uranium

A

Iron

B

Figure 27. Center cross section concentration maps for (A) uranium and
(B) iron. The dark dots represent the data points. The concentrations
between data points were calculated via 2D linear interpolation.

Uranium

Iron

A

B

Figure 28. Bottom of sample concentration maps for (A) uranium and (B)
iron. The dark dots represent the data points. The concentrations between
data points were calculated via 2D linear interpolation.
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Previous work to conduct mapping of real world nuclear debris has
focused on trace elements in trinitite, which was based on a plutonium fueled
device, and one study of debris from uranium fueled devices. [52,55,57,58,60]
However, the focus of these studies do not describe the macroscopic
distributions of uranium and iron making comparisons to real debris currently
unavailable. The production process of this surrogate debris attempts to
simulate real world fallout formation, so such a study would be beneficial. The
fractionation does seem feasible. As figure 29 illustrates, the high uranium
section’s greenish hue is similar in appearance to some occurrences of
triuranium octoxide (U3O8) while the black, iron rich section is likely dominated by
iron oxides. Most uranium oxides have lower melting points than iron common
iron oxides. For example, U3O8 has a melting point of 1150℃ while Ferric oxide
(Fe2O3) has a melting point of 1550℃ and magnetite (Fe3O4) has a melting point
of 1600℃. It is possible that the thermal differential was great enough during the
cooling process that the molten mixture was initially cool enough for iron oxides
to solidify and settle towards the bottom of the crucible, while the uranium
compounds remained liquidus. Upon further cooling, the uranium rich
compounds then formed a glaze over the top of the iron rich nucleus.

A

B

Figure 29. The color and morphology of triuranium octoxide (A) and iron
oxide(B) are similar to the two sections of the surrogate melt glass
material. It is possible that the fractionation in the melt glass sample is
caused by a steep temperature gradient during cooling.

Conclusion
The capability of LIBS systems to conduct chemical mapping of uranium
and iron in surrogate nuclear debris has been demonstrated. LIBS systems have
the potential to conduct macroscopic isotopic mapping for uranium
simultaneously with concentration mapping, although this study only considered
natural uranium. Chemical mapping of uranium with LIBS faces significant
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challenges from chemical and physical matrix interferences. However, four
uranium atomic emission lines relatively free from these interferences have been
identified. A sampling spacing pattern of 0.5 mm was shown to be required for
good fidelity chemical mapping, and a fractionation pattern within the sample was
identified. This fractionation was previously unidentified for these surrogate
debris samples. It is likely due to varying constituent melting points and the
steep temperature gradient generated in the sample formation and cooling
process. Further work aims to attempt simultaneous isotopic mapping, and to
study how consistently the fractionation pattern appears.
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CHAPTER III
ANALYTICAL LINE SELECTION FOR NON-RADIOACTIVE
ELEMENTS IN SURROGATE NUCLEAR DEBRIS USING LASERINDUCED BREAKDOWN SPECTROSCOPY
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Abstract
This work identifies analytical lines in laser-induced plasma for chemical
analyses of major non-radioactive elements found in surrogate nuclear debris.
These lines were scrutinized for interferences and signal strength to insure they
would be useful to measure relative concentrations, even in areas of the
substrate where the analyte was more dilute. The compact instrument for optical
emission spectroscopy can be part of a mobile laboratory for field screening of
nuclear debris following a detonation, or it can be employed a process control
device during surrogate debris production. The data presented in this chapter
has been released by Y-12 for publication under release number 538.

Introduction
Over the last decade, the United States has increased efforts towards
enhancing the national nuclear forensics capabilities. [93,94] Part of these
efforts has included the development of surrogate nuclear debris for laboratory
and field training exercises. Several debris formulations have been developed at
laboratories including at the Idaho National Laboratory [66], Los Alamos National
Laboratory [73], Lawrence Livermore National Laboratory [65], the Pacific
Northwest National Laboratory [64,67,68], and the University of
Tennessee [69,71,72]. Early versions of these formulations used trinitite, the
debris formed from the first nuclear weapons test, as a benchmark since trinitite
is openly available and has been well characterized [16,52–59,61,66]. However,
the field of surrogate nuclear debris formulation and production has since
expanded beyond trinitite to include formulations for both urban [70,71] and
marine-urban [72] debris.
Timely and accurate characterization of debris is important as surrogate
debris is produced, as well as for actual debris characterization following an
actual detonation. This type of analysis requires speed and a high degree of
accuracy since potentially time-sensitive national security decisions may be on
the results. To aid in the timely and accurate processing of debris samples, it is
beneficial to have an enhanced capability to screen samples for forensics value
at the collection site, before transporting the samples to comprehensive analysis
in laboratories across the country. Augmenting current screening capabilities with
portable Laser-Induced Breakdown Spectroscopy (LIBS) systems may provide
such an enhanced capability.
Existing forward screening techniques rely primarily on either radiation
counting via simplistic Geiger-Mueller style detectors, or gamma-ray
spectroscopy to attempt to identify the presence of particular isotopes of
interest. [93,113] However, such techniques may not be able to detect the
presence or absence of certain key elements due to an insurmountable number
of unresolvable peaks in the gamma spectrum or weaker gamma signatures from
key trace-elements being masked by stronger gamma signatures from bulk
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elements. This challenge includes further difficulties since the most valuable
elements from a nuclear forensics perspective are frequently those with the
smallest fission product yields.
Broadband, portable LIBS systems hold the potential to help find these
low yield fission products and provide location-specific chemical analysis of
samples with little to no sample preparation in matter of seconds. Certainly,
other techniques such as the various forms of mass spectrometry can identify
key trace fission products at much lower limits of detection than LIBS. However,
these techniques are not portable. Applications are often time consuming and
expensive, therefore, acceptable pre-screening is required. Portable X-ray
fluorescence (XRF) systems can deliver initial elemental screening capability,
and have been used previously to conduct elemental mapping of bulk materials
in nuclear debris. [16] However, LIBS may hold advantages over XRF in terms
of achievable limits of detection (LOD) for certain elements [17], stand-off
capability [18–20], and recently, breakthroughs have been achieved to conduct
simultaneous chemical and isotopic analysis in LIBS style systems. [21–25]
Chemical analysis via LIBS is not without its challenges. Spectral lines
generated following laser-induced breakdown reveal several broadenings and
shifts that may affect their usefulness. High electron densities in the microplasma lead to interactions of the atomic emission with strong localized electric
fields, leading to Stark broadening. Doppler broadening from the thermal motion
of the atoms and collisional broadening with neutrals can further broaden the
observed line profile. [34,77,114] Instrumental broadening, of course, has to be
considered in the analysis.
Spectral broadening mechanisms can further compound challenges
associated with chemical matrix interferences. [38,50] Occurrence of these
challenges are associated with complex samples such as nuclear debris.
Chemical matrix effects describe interference of one chemical with other
chemicals’ ability to interact with the laser-induced plasma. This leads to some
elements with lower ionization potentials being preferentially excited in the
plasma when compared to those elements with higher ionization potentials.
Furthermore, spectral emissions from chemically complex systems will contain a
significant number of overlapping peaks, which can limit their usefulness.
This paper will demonstrate that it is possible to identify useful analytical
lines in LIBS spectra of nuclear debris that are appropriate for elemental
identification, relative concentration monitoring, and possibly quantitative
analysis. Non-radioactive samples of surrogate debris were prepared based on
proposed recipes, and using the process communicated in the literature. [70,71]
Surrogate debris “blanks” were prepared with the major bulk ingredients common
to these recipes. The addition of small amounts of particular elements served the
purpose of isolating the new spectral response due to the presence of each
element.
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Experimental Details
Material preparation
Melt glass samples and blanks were prepared based on the urban debris
formulations proposed by Giminaro et al. [71] and shown in table 4. The blanksamples contained the base ingredients that were critical to the establishing a
consistent base matrix and morphology. Test samples were then prepared by
adding one analyte to the base ingredients for each sample in the proportions
displayed in table 5. This resulted in a set of samples for comparison with the
base sample showing the only difference in LIBS spectral response caused by
the presence of the new analyte. The raw materials (purchased from Fisher
Scientific) were hand-mixed with a mortar and pestle as described by
Nizinski [70] until homogeneous in appearance and then melted in pre-heated
box furnace (CM Furnaces, Bloomfield, NJ) at 1600°C for 30 minutes. Following
the 30-minute dwell time, the constituents had formed a liquidus material. After
removal of graphite crucible, the samples cooled in sand. Figure 30 shows
typical melt glass samples that are relatively consistent in morphology, but show
some variation due to changes in the melting chemistry due to each analyte. [60]
Once formed, each bead was then set in an epoxy resin (Epoxicure 2, Buehler)
and lightly hand polishing to remove any residual epoxy from the bottom of the
mounted sample. This left the bottom surface exposed as shown in figure 31.
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Table 4. Urban surrogate debris recipe proposed by Giminaro [71]
constituent

nominal proportion (%)

SiO2

60.49

NaO

3.23

Fe2O3

7.63

Al2O3

15.1

CaO

6.35

KOH

3.55

MgO

2.65

S

0.06

BaO

0.06

MnO

0.12

Ca3(PO4)2

0.1

TiO

0.61

UNH

0.06

Total

100

Table 5. Bulk surrogate precursor matrices
Sample

Base Ingredients (%)

Analyte (%)

Analyte Form

100.0

0.0

aluminum

82.5

17.5

Al2O3

calcium

91.8

8.2

CaO

potassium

95.3

4.7

KOH

magnesium

96.4

3.6

MgO

sulphur

99.9

0.1

S

barium

99.9

0.1

BaO

manganese

99.8

0.2

MnO

phosphorus

99.9

0.1

Ca3(PO4)2

Blank
SiO2 (84.8%)
NaO (4.5%)
Fe2O3 (10.7%)
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A

C

B

D

Figure 30. (A) Blank samples, and (B) phosphorus (C) calcium and (D)
barium samples

1 cm

Figure 31. Sample set in epoxy resin
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Experimental setup
Figure 32 illustrates the experimental instrument which consisted of a TSI
Insight System.™ This system includes a Nd:YAG laser operating at 266 nm
wavelength (6 ns pulse width, 52 mJ per pulse) that was focused via fiber optics
and a plano-convex lens onto a motorized XYZ translation stage with a confocal
aiming camera. The light generated by sample’s microplasma after ablation was
collective via a fiber optic probe and channeled into an Ocean Optics LIBS 2500
spectrometer bank. This spectrometer bank consisted on 6 Ocean Optics
HR2000+ spectrometers, each blazed at a different wavelength to allow
broadband spectral coverage from 200 nm to 800 nm. The use of six separate
spectrometers guarantees an instrument resolution of approximately 0.1 nm
FWHM for most of the spectral range with a pixel width of 0.035 nm. A class 1
laser enclosure contains the entire Insight System. All of the optics in the system
were locked in place and not adjustable. Therefore, transport of the system is
easy as part of a mobile laboratory without the need of lengthy optical refocusing
efforts.

A

B

Figure 32. (A) TSI Insight SystemTM class one enclosure and (B) internal
LIBS 2500 spectrometer bank.
The instrument accumulated sample spectra from 20 different locations on
each sample. The instrument was set to ablate 10 times at each location, and
the internal software averaged resultant spectra to show a representative record
for that location. The spectrometer CCD was set for a light collection gate with of
10 µs and was not adjustable. A time delay of 2 µs was selected as optimal to
maximize the signal-to-noise ratio. Radiometric calibrations used an Ocean
Optics DH-3P-BAL-CAL deuterium-halogen calibration lamp. Wavelength
calibrations employed an argon calibration lamp.
Spectra from the blank sample are compared to the spectra from each
sample containing an analyte. The spectra were analyzed to identify new peaks
not present in the blank. These peaks were scrutinized for chemical
interferences, resolvability, and strength of signal. After spectral normalization
and background continuums subtraction, the most analytically useful peaks were
identified for each element.
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Results and Discussion
Identification of useful atomic emission lines
Figures 33-37 display examples of the spectral comparisons completed for
the analytes. In each case, the vast majority of atomic emissions suffered from
either poor signal strength or interferences from other peaks in the spectra.
Molecular emissions following recombination were likely also present during the
light collection window (2-12 µs). However, since these emissions tend to be
significantly weaker than the atomic emissions over this collection window these
emissions were not resolvable. Nonetheless, 1-2 atomic emission lines per
analyte could be identified that were significantly prominent and relatively
interference free. The wavelength shift of the aluminum lines is of the order of 1/3
of the system resolution. [115] The appearance of the peaks is due to the specific
pixel separation of typically 0.035 nm. Table 6 summarizes all 23 analytical lines
identified and their key parameters as reported by NIST. [37]
0.06
Blank Sample
Aluminum Sample

Al I 396.152 nm
0.05
Al I 394.401nm

Intensity (a.u.)

0.04

0.03

0.02

0.01

0
393

393.5

394

394.5

395

395.5
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396.5

397

397.5

398

Wavelength (nm)

Figure 33. Aluminum analytical peaks identified.
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0.04
Blank Sample
Barium Sample

Blank Sample
Barium Sample

0.035
0.025
0.03

Ba I 455.403 nm

Intensity (a.u.)

Intensity (a.u.)

0.02

0.015

Ba I 553.548 nm

0.025

0.02

0.015
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0.01
0.005
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0
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0
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Figure 34. Barium analytical peaks identified.
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Calcium Sample
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0.25

0.16

0.2

Intensity (a.u.)

Intensity (a.u.)

0.14
0.12
0.1
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0.08
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Figure 35. Calcium analytical peaks identified.
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0.02
Blank Sample
Magnesium Sample

0.018
0.016

Intensity (a.u.)

0.014
0.012

Mg I 279.800 nm

0.01
0.008

Mg II 280.270 nm

0.006
0.004
0.002
0
279

279.2

279.4
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280.6
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Figure 36. Magnesium analytical peaks identified.
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Intensity (a.u.)

0.01
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0.004
0.002
0
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522

522.5

Wavelength (nm)

Figure 37. Titanium analytical peak identified.
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Table 6. Interference free analytical lines for analysis of non-radioactive
elements in surrogate nuclear debris
Peak
(nm)

Analyte

248.327
279.800
280.270
288.158
328.560
373.486
394.401
396.152
403.076
440.475
455.403
521.038
542.999
553.548
561.863
585.745
588.995
589.592
616.217
656.279
766.429
766.490
769.897

Fe I
Mg I
Mg II
Si I
Na II
Fe I
Al I
Al I
Mn I
Fe I
Ba II
Ti I
Fe II
Ba I
Fe I
Ca I
Na I
Na I
Ca I
HI
Fe I
KI
KI

Transition
Probability
(s-1)
4.80 x 108
4.79 x 108
2.57 x 108
2.17 x 108
1.10 x 108
9.01 x 107
4.99 x 107
9.85 x 107
1.70 x 107
2.75 x 107
1.18 x 108
3.89 x 106
6.00 x 107
1.19 x 108
2.24 x 106
6.60 x 107
6.16 x 107
6.14 x 107
4.77 x 107
4.41 x 107
3.37 x 105
3.80 x 107
3.75 x 107

Eu
(eV)

El
(eV)

g

4.991
8.864
4.422
5.082
37.095
4.178
3.143
3.143
3.075
4.371
2.722
2.427
12.879
2.239
6.415
5.049
2.104
2.102
3.910
12.088
4.608
1.617
1.610

0.000
4.434
0.000
0.781
33.322
0.859
0.000
0.010
0.000
1.557
0.000
0.048
10.596
0.000
4.209
2.933
0.000
0.000
1.899
10.199
2.990
0.000
0.000

11
6
2
3
5
11
2
2
8
9
4
9
10
3
5
5
4
2
3
18
7
4
2
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Conclusion
A portable LIBS system is suitable to conduct qualitative analysis of nonradioactive elements in surrogate nuclear debris. The series of investigated
samples isolate species following a well-established urban debris recipe.
Selected analytical lines work well for the elements of interest. Portable laserinduced plasma systems can enhance on-site debris sample screening
capabilities following nuclear detonations by rapidly providing elemental analysis
with little to no sample preparation. Future applications of the presented work
include plasma diagnostics such as electron temperature and density to explore
the validity of quantitative techniques, as well as diagnostics with increased
stand-off distance and extensions to isotopic analysis.
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A hand-held LIBS system was shown to be an effective tool for identifying
granules of UO2F2 intermixed as a surface contaminant in sand covered metallic
surfaces. The presence of uranium contamination in all samples was confirmed
by using a hand-held system. A limit of detection (LOD) of 250 ppm was
achieved with one analytical line. The successful identification of low levels of
uranium granules is attributable to a combination of the system’s design
advantages that include picking specific sample locations at the sub-μm level,
identifying uranium lines free from significant inferences, and of course
measuring spectra with sufficient sensitivity and signal to noise ratios.
Thus, hand-held systems for LIBS can be very effective as an
augmentation to traditional radiation survey equipment. Radiation survey
equipment is best suited for larger area surveys and can require significant time
to identify very low levels of contamination. A combination of traditional radiation
survey techniques for bulk area analysis, and hand-held LIBS to identify localized
hot-spot areas could increase decontamination efficiency.
The capability of LIBS systems to conduct chemical mapping of uranium
and iron in surrogate nuclear debris was also demonstrated. LIBS systems have
the potential to conduct macroscopic isotopic mapping for uranium
simultaneously with concentration mapping, although this study only considered
natural uranium. Chemical mapping of uranium with LIBS faces significant
challenges from chemical and physical matrix interferences. However, four
uranium atomic emission lines relatively free from these interferences have been
identified. A sampling spacing pattern of 0.5 mm was shown to be required for
good fidelity chemical mapping, and a fractionation pattern within the sample was
identified. This fractionation was previously unidentified for these surrogate
debris samples and is likely due to varying constituent melting points and the
steep temperature gradient generated in the sample formation and cooling
process.
Additionally, a portable LIBS system was used to identify 23 atomic
emission lines that were relatively interference free and with a strong enough
intensity to be useful for analysis of all major non-radioactive elements in typical
surrogate nuclear debris samples. This suggests such a portable LIBS system
can enhance on-site debris sample screening capabilities following nuclear
detonations by rapidly providing elemental analysis with little to no sample
preparation, despite the complex nature of the nuclear debris matrix.
Holistically, this body of work demonstrates that portable LIBS
technologies have the potential to make meaningful contributions to the nuclear
forensics scientific and operational communities. While processes and analytical
optimization is still needed, these methods and techniques could provide
enhancements to the community’s current capabilities to identify low levels of
uranium contamination in-situ during remediation efforts, as well as to conduct
field screening of nuclear debris samples for key nuclear fuels, fission products
and other elements of interest.
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Standard LIBS systems have also been demonstrated to be robust
enough to conduct qualitative elemental mapping in a minimally destructive
manner without the need for expensive enhancements such as femtosecond
pulse lasers or double pulse systems. However, these techniques were not
shown to be capable of quantitative concentration mapping due to the complex
physical and chemical make-up of the nuclear debris matrix.
Since the start of the Manhattan project, the need to better understand,
detect, and handle nuclear materials in both military and civilian contexts has
never waned. Indeed, the nuclear forensics community’s importance will likely
continue to increase as both military and civilian nuclear technologies continue to
proliferate worldwide. It is important to stay vigilant in our pursuit to push the
limits of science and our engineering techniques to provide forensics style
insights in faster, more economic, and in more robust ways. The implementation
of portable LIBS systems may provide one avenue towards achieving that goal.

Future Work
Homogeneous and directly hydrolyzed samples for UO2F2 detection via
hand-held LIBS
Additional experiments in which UO2F2 and sand mixtures are melted and
applied to the planchettes in a more homogeneous mixture could be helpful to
further characterize the LOD for the hand-held instrument/matrix combination.
Also, hydrolyzing UF6 gas directly onto samples of actual UF6 piping from
Portsmouth or a similar site might better replicate the exact process of
contaminant deposition. Studies to compare the matrix effects of other materials
commonly used for UF6 piping would be beneficial as well.
Comparison study of hand-held LIBS and XRF for uranium surface
contamination detection
A comparison study between hand-held mXRF or XRF and hand-held
LIBS instruments for uranium surface contamination would be useful. Both
systems are commonly used in the geological sciences to scan for mineral
deposits and both could be beneficial for the detection of low levels of uranium.
A study that compares the two techniques for a variety of different matrices could
be beneficial to field users who much choose which instrument will serve them
better.
Feasibility of Laser-Ablation Molecular Spectroscopy (LAMIS) with handheld LIBS
LAMIS has been shown to be more effective than LIBS to determine
isotopic concentrations in uranium in certain situations due to larger isotopic peak
separations in U-O molecular bands when compared to uranium emissions.
Typical LAMIS experiments thus far have involved hundreds to thousands of
90

ablations and with more powerful lasers and spectrometers with high resolving
power. LAMIS requires much longer time delays (at least 10 𝜇s) in order for
molecular recombination emissions to become the dominate in the spectra. The
total signal at these late times may be beyond the detectable limit for hand-held
systems. Nonetheless, experiments to explore the feasibility of conducting
handheld LAMIS could result in a major capability breakthrough.
Simultaneous isotopic mapping and elemental mapping in surrogate
nuclear debris
The LAMIS technique, or a combination of LIBS and LAMIS could be
applied more readily to the more standard LIBS setup used for uranium and iron
mapping in surrogate nuclear debris. If samples could be prepared that included
a mixture of uranium precursors at different isotopic enrichments, the capability
to map isotopic concentrations in nuclear debris could be explored. This could
be useful since real world debris samples might contain different sources
uranium that would have different enrichment levels. Different nuclear device
components could conceivably be made from uranium with different enrichments,
all of which may vary from the uranium found in the surrounding environment.
Limit of detection and elemental mapping of fission products in surrogate
nuclear debris
Post detonation uranium will, of course, include fission products which are
of high nuclear forensics value. At first blush, one would assume fission
products would be collocated with the uranium or other nuclear fuel that
generated them. However, the chemistry and migration of elements during the
fireball cooling process in which debris is in vaporized and liquidus states is still
not understood well enough for us to claim this assumption is valid. LIBS could
be a useful tool to track the migration of fission products in surrogate debris and
this possibility should be explored.
Application of Chemometric techniques to LIBS spectra from surrogate
nuclear debris
Several research groups have found success in overcoming a lack of
resolvability in analytical lines from laser induced plasmas using chemometric
techniques such as principle component analysis (PCA), partial least squares
(PLS) regression and artificial neural networks (ANN). These techniques
commonly require a large set of pure sample data to use a “training set” for the
techniques before taking a second set of “test set” data. Application to a
naturally heterogeneous matrix such as surrogate nuclear debris would present
challenges for establishing a valid training set. Nonetheless, the challenge is
likely not insurmountable and could significantly improve LODs and precision and
elemental detection in nuclear debris.
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Optimization of the surrogate debris mapping procedure
The experimental setup used to conduct uranium and iron mapping was
sufficient to complete the experiment, but portions of the experimental design
could be improved. The optical window on the side of the sealed box which
allowed light from the plasma to reach the collection optics could have been
bigger. As the sample traversed vertically, the total signal collected was
attenuated. This could have been mitigated with a larger optical window.
Additionally, the use of a plano-convex cylindrical lens could be explored to focus
the laser light onto a full line of the sample. This, combined with an appropriate
spectrograph and camera could allow plasma light collection from an entire line
of material, along with its spatial resolution, during each shot instead of for a
singular point.
Plasma diagnostics for nuclear debris using portable LIBS
Electron temperature and density measurements are critical for laserinduced plasmas if one endeavors to conduct quantitative analysis with the
spectra. Temperature and density measurements were attempted using data
from the Insight™ system taken on surrogate nuclear debris. The standard LIBS
temperature density measurements techniques including Boltzmann plots, SahaBoltzmann line ratios, atomic excitation line ratios, and signal-to-continuum ratios
for electron temperature and Hydrogen Balmer series line widths and shifts for
electron density. However, consistent results could not be achieved. This was
likely caused by a combination of factors including: an inability to control the gate
width which was permanently set at 10 𝜇s, the inability to independently confirm
the pulse and collection gate timing, and the inability to confirm the optical probe
alignment after the system was moved from one building to another. These were
limitations caused by the nature of this system, which was intended to be a
commercial off the shelf (COTS) LIBS system and not intended for experimental
use in the manner attempted in this work. These limitations combined with the
complex nature of the samples to make these measurements unreliable. A
different, portable system that was more conducive to user adjustments and
system verification could be designed and would allow these calculations to be
completed more easily.
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Appendix A: Background Identification and Subtraction
Routines
Any attempt to conduct quantitative analysis from spectroscopic
data must be able to first account for what portion of collected light
actually represents the signal of interest. The pixels of the camera that
records the light, must be properly calibrated to insure an accurate pixel to
wavelength conversion can be completed. Furthermore, the sensitivity of
the spectrometers to incident light varies from one to another. Even the
same spectrometer can see changes in its own sensitivity over time.
Therefore, sensitivity calibrations should be carried out frequently as well.
Additionally, the light recorded by the camera will consist of
contributions from the background continuum of mostly bremsstrahlung
radiation, the signal of interest, as well as a background “dark current”
from the system’s electronics. The background continuum and dark
current must be identified and subtracted in order to achieve a true
measure of the signal intensity from the atomic emissions of interest.
Several techniques exist to accomplish this task, and each has
advantages from different types of spectra. The challenge for our
systems, particularly the TSI Insight™, is that the spectra is broken into six
different spectrometers with very different sensitivities and dark currents.
Figure 38 displays a typical spectrum to illustrate this point. This spectrum
was generated from a surrogate nuclear debris “blank” sample with a zero
microsecond delay setting.
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Figure 38. Raw spectra from the TSI Insight LIBS system
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The background subtraction routine developed in this work was based
primarily on the research of Schulze et al. who reviewed the most common and
effective baseline identification techniques used in the spectroscopic
community. [91] Schulze identified several useful techniques, each with its own
strengths and weakness. The routine selected for this work uses a combination
of two techniques analyzed by Schulze that and complement each other’s
strengths and weaknesses.
The first technique employed is the Signal Removal Method (SRM). SRM
uses an initial estimation of the baseline and then identifies peaks that exceed
some threshold above this baseline. The peak data is then stripped from the
spectrum. The baseline is then estimated again. According to Schulze this
approach shows fairly good consistency under most conditions, but with some
difficulties in noisy spectra and congested spectral regions. There are several
programs and techniques available to identify peaks and their extents in a
spectrum. This work used the findpeaks built in command in Matlab. Figures 39
and 40 below show a portion of the same spectra as Figure 38, with some key
peaks identified. Note that these two spectra are sub-portions that come from
spectrometers with very different sensitivities. Figure 39 features the Sodium D1
and D2 lines which are orders of magnitude larger than their neighbors. Figure
40 features the H-alpha peak which is very broad, but lower in magnitude. Smart
choices for the peak thresholds must be made to capture important peaks, but
not to capture peaks that are just noise in the signal.
Also shown in figures 39 and 40 are the peak prominences and widths.
The full extent of a peak should be taken as twice the calculated with. The
prominence displayed is only used to gain insight into appropriate peak minimum
prominence thresholds to choose with the peak finding routine.
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Figure 39. Peaks identified in on Spectrometer C featuring the sodium D1
and D2 lines
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Figure 40. Peaks identified in on Spectrometer D featuring H-alpha
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Figures 41 and 42 display the remaining spectra after applying the SRM.
The noise median method is then applied to this remaining spectrum. NMM
estimates the baseline as the median value in a moving window. If the median is
based on extrema in the window, and if the window is suitably large, the median
is not unduly affected by signal peaks. The work of Schulze indicates that the
method tends to have difficulties with congested spectral regions and areas with
high Signal-to-background ratios (SBR) However, this implementation
compensates for these weaknesses by removing those significant peaks before
beginning NMM. This allows the routine to still capitalize on NMM’s ability to
provide relatively good results that are also comparatively fast while maintaining
accuracy in congested peak areas.
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Figure 41. Data remaining after SRM is applied to Spectrometer C
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Figure 42. Data remaining after SRM is applied to Spectrometer D
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NMM was used to identify appropriate values for “knot” median points in
the background spectrum spaced approximately 0.5 nm apart. Linear
interpolation was then used to connect the knot points and identify the
background as displayed in figures 43 and 44. Once identified, the background
could be easily subtracted from the original spectra. The spectrum was then
ready for further processing and analysis.
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Figure 43. Baseline Identification for Spectrometer C
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Figure 44. Baseline Identification for Spectrometer D
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Appendix B: Approaches for Electron Temperature and Density
Measurements for LIBS Measurements on Surrogate Nuclear
Debris
Plume emissions from laser-induced plasmas have long time durations
compared to both the laser pulse length and radiative lifetimes of the emitting
species. Therefore, plasma emission is not the direct result of photoexcitation from the laser energy. Instead, secondary processes account for
most of the observed emission. Kinetic, excitation, ionization, and radiative
energy transfers all have contributions with their own energy distributions
determined by their own characteristic temperatures. Each of these energy
distributions may or may not be in a state of equilibrium at any time, and can
be independent of each other. [34,77,114] At times, some of the plasma
temperatures may be in equilibrium while others, usually radiative energy, are
not. If it can be shown that the particle interactions and emissions are
predominantly driven by energy forms that have achieved equilibration, then a
situation is referred to as Local Thermodynamic Equilibrium (LTE) is
achieved. In LTE, the plasma excitation temperature and the electron
density, which can be inferred from the emission spectra, can be used to
describe the plasma characteristics. Quantitative spectroscopic techniques,
such as comparing peak ratios to determine species relative concentrations,
may then be valid.
LTE in laser-induced plasmas is most often attributed to the large
presence of free electrons, whose collisions tend to dominate over other
energy transfer mechanisms. One necessary, but not sufficient criteria to
justify the assumption of LTE is to compare the strength of the electron
density to the plasma temperature using the McWhirter [114] criterion:
e

𝑛b = 1.6𝑥10L6 𝑇 S (∆𝐸 )g ,

(1)

in which 𝑛b (cm-3) is the electron density, ∆𝐸 (eV) is the highest energy
transition for which the condition holds, and T (K) is the plasma temperature.
It is possible for the some low lying electronic transitions with large ∆𝐸 values
to not meet this criterion, while transitions in higher states with a lower ∆𝐸 do
meet this criteria in the same plasma. This situation is referred to as partial
LTE and is not uncommon in LIBS experiments. If the LTE assumption is
valid then the plasma temperature can be inferred from the ratio of emission
originating from different upper levels of the same element and ionization
stage. The populations of these excited states would follow the Boltzmann
distribution,
j

Ppk

k
𝑛hi = l m (n)
𝑛 i 𝑒 qr ,

(2)
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where 𝑛hi indicates the population density of excited level i of species s.
𝑔h and 𝐸h are the statically weight and the excitation energy level, respectively.
𝑛 i is the total number density of the species in the plasma, k is the Boltzmann
constant, and 𝑈 i (𝑇) is the internal partition function of the species at
temperature T.
The total radiant emissivity corresponding to the transition between the
upper level i and lower level j is then given by,
vw

𝑒hu = /Nx 5 {

Ppk

ykz jk

kz

𝑛 i 𝑒 qr ,
l m (n)

(3)

Where 𝜆hu , 𝐴hu , 𝑔h are the wavelength, transition probability, and statistical
weight of the upper level. c is the speed of light and h is Plank’s constant.
This equation can be re-written in terms of the integrated line intensity Iij,
y j

Ppk

𝐼hu = 𝑛hi 𝐴hu = l mkz(n)k 𝑛 i 𝑒 qr .

(4)

A slight rearrangement in terms and taking the logarithm of both sides of
this equality leads to the following relationship between spectral line intensity
and plasma temperature as given by,
€m

•

1•k

𝑙𝑛 )y kzj 7 = 𝑙𝑛 /l m (n)5 −

‚n

kz k

.

(5)

Using this relationship, several line intensities can then be measured and the
left hand side of equation 5 can be plotted vs. energy of the upper level, Ei of
the transitions. The result is a line whose slope is -1/kT. This is the familiar
Boltzmann plot method of inferring plasma temperature from spectral line
intensities. [34,114]
If only a few lines are available in the spectra from the same element and
ionic state, then a Boltzmann peak ratio version of equation 5 can be used
which would take the form
𝑇=

•k 1•ƒ
‚„€…

†ƒ‡ ˆk ‰kz

†kzˆƒ ‰ƒ‡

.

(6)

Š

This technique is still valid but would contain a larger uncertainty since it
employs less spectroscopic data.
Similarly, since emission lines from different ionization stages of often
present in plasma, the Saha-Boltzmann relation can be used to compare
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emission lines from different ionization stages of the same species and is
given by,
††
bkz
†
bƒ‡

=)

†† †
y††
kz jk {ƒ‡
† {††
y†ƒ‡ jƒ
kz

7/
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€Œ v •

5𝑒

1

†
/pk•‡ PQpk•‡ •p††
k Ppƒ 5
qr

,

(6)

where the superscripts I and II denote the different ionization states. In LIBS
plasma analysis, these states are usually neutral excitation (I) and the singly
ionized state (II) since higher order ionization states are typically too low in
population to be easily observed. It is possible to rearrange the terms in this
relationship to create a corollary to the Boltzmann Plot technique known as
the Saha-Boltzmann plot. However, in this work spectral collection occurs in
later plasma times in which only a few ionic lines remain readily observable.
However, equation 6 can be used to provide a point estimate of plasma
temperature, by measuring one ionic emission and one atomic emission line
form the same species. The use of only two emission lines leads to an
increase in uncertainty, but if the LTE assumption holds, it is valid
nonetheless. [34,114]
Measurement of electron density in laser-induced plasmas is most
typically achieved by comparing the Stark broadening of emission lines to
tabulated values which relate the line widths to particular plasma
temperatures and electron densities. This relationship between electron
density and line broadening was first discovered by Holtsmark in
1918. [116,117] The theory was then expanded by the experimental work of
Griem [109,118] and the convergent theory of Oks among others. [119–121]
Other techniques previously invoked include a variation of the SahaBoltzmann method and comparisons of spectral intensity to background
continuum. [114,122] These later techniques are more appropriate for earlier
time plasma measurements when ionization states are more heavily
populated and the background continuum is more significant. In this work,
electron density measurements based on the Stark effect are more
appropriate since it is still readily measurable at later time delays.
Recently, Surmick and Parigger have proposed an empirical formulae for
electron density calculations in laser-induced plasmas based on Stark widths
and peak shifts of the hydrogen Balmer H-alpha and H-beta lines. [111] Their
formula is based on the theory of Oks and was confirmed via extensive
measurements of LIBS plasmas generated with a nanosecond class LIBS
system operating in air on an aluminum target. The similarity of their
experimental apparatus to the one used in this work suggests their empirical
formulae should also be valid here. In portable LIBS experiments, the lower
pulse energy and later collection times may result in a H-beta line (H I
486.135 nm) that is too weak for reliable analysis. Additionally, there are
significant iron interferences (Fe I 486.098 and Fe I 486.260) that would
present difficulties in ascertaining the true strength, position, and shape of the
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H-beta line. However, H-alpha (H I 656.285 nm) should be readily
measurable. Electron densities can then be inferred using both
∆𝑤’“ [𝑛𝑚] = 1.31 /

–Œ [w‹ P• ]

∆𝛿’“ [𝑛𝑚] = 0.055 /

L:e—

5

–Œ [w‹ P•]
L:e—

:.˜N±:.:g

5

, and

:.œG±:.:g

(7)

.

(8)

Here ∆𝑤’“ is the stark portion of H-alpha’s full width half maximum (FWHM)
and ∆𝛿’“ is the peak shift. In laser-induced plasmas, the Stark effect is
expected to be a dominate source of broadening and follows a Lorentzian
profile. Other broadening effects such as instrumental broadening and
Doppler broadening are also noticeable and take a Gaussian profile. To
accurately measure Stark broadening of H-alpha, the peak was fitted to a
Voigt profile – a convolution of the Lorentzian Gaussian profiles. The
Lorentzian component was then de-convolved in order to isolate the
Lorentzian (i.e. Stark) FWHM.
Plasma temperature and density measurement example
To illustrate the technique, the Boltzmann plot method was applied to data
from 20 shots using the TSI Insight™ LIBS system on a surrogate melt glass
sample with a 2 𝜇𝑠 delay. To calculate the plasma temperature six emission
lines from neutral iron identified on spectrometer D and six lines of neutral iron
from spectrometer E as displayed in table 7. Integrated peak heights were
calculated after spectral normalization and background continuum removal.
Uncertainty in peak intensity was estimated based on the shot to shot variation of
the 20 spectral acquisitions and is displayed in figure 45 with 90% confidence
intervals. The confidence intervals were calculated primarily based on the shot
to shot peak height variance. Excitation state information was taken from the
NIST database. [37]
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Figure 45. Boltzmann plots for (A) spectrometer D (520-620 nm) and (B)
spectrometer E (625-720 nm).
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Table 7. Neutral Iron (Fe I) atomic emission lines selected for Boltzmann
Plots
Spectrometer

Wavelength
(nm)

Aki
(s-1)

Ek
(eV)

Ei
(eV)

g

D
D
D
D
D
D
E
E
E
E
E
E

523.539
532.999
537.371
538.558
539.828
543.630
630.150
640.032
642.135
649.498
659.291
667.799

3.75E+06
1.29E+06
3.70E+06
3.10E+04
9.00E+06
7.70E+05
6.43E+06
8.69E+02
3.04E+05
7.66E+05
7.37E+05
6.34E+05

6.44
6.40
6.78
6.00
6.74
6.67
5.62
2.85
4.21
4.31
4.61
4.55

4.08
4.08
4.47
3.69
4.45
4.39
3.65
0.91
2.28
2.40
2.73
2.69

7
11
9
9
5
9
5
9
5
11
7
9
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The plasma temperatures calculated from these plots are 2,600 ± 700 °𝐾
for Spectrometer D and 3,400 ± 800 °𝐾 for spectrometer E. Additionally, the
Saha-Boltzmann technique was used with the Mg I 279.800 and Mg II
280.270 emissions fom the same spectra. This technique yielded at point
temperature estimate of 2,050 °𝐾. However, these temperature
measurements are unrealistically low and should not be trusted.
For example, it is plausible that two of the data points in figure 45B are
actually outliers and have peak height estimates that are either too high (Fe I
640.032 nm) or too low (Fe I 667.799 nm). If these data points are deemed to
be outliers, the average temperature for time delays between 2 and 12
microseconds amounts to 6,200 ± 800 °𝐾. This may be a more reasonable
temperature estimate, and would be closer to matching temperature
estimates from the H-alpha peak to 10-nm continuum ratio technique
suggested by Griem. [109] Griem’s technique was derived from hydrogen
dominated plasmas and would suggest a plasma temperature of
approximately 10,000 °𝐾. However, it has not been validated for plasmas
with major contributions from other species. Nonetheless, results from this
technique should generally agree with the resulting temperatures from the
Boltzmann plots.
Challenges
Proper line selection for temperature measurement is important and
cannot be ruled out as a source of error in this measurement. In addition to
originating from the same species and ionization state, it is important to select
lines free from interferences and from self-absorption effects. Interferences
make it difficult to determine a correct integrated peak height and can result in
an overestimation of the correct peak intensity. To some degree, this may be
present in the emission lines significantly above the trend lines shown in
figure 45. Self-absorption occurs in optically thick plasmas where emissions
from species towards the center of the plasma are reabsorbed by elements of
the same species towards the edges of the plasma which reduces the total
emission detected. This effect is most significant in transitions to the ground
state, but to some degree may still be present in the data points found below
the trend lines in figure 45. Additionally, our relatively long time delay (2 𝜇s)
and long collection window (10 𝜇s) resulted in several peak widths that were
of the order of the instrumental resolution of 0.1 nm. When this happens,
integrated spectral heights can appear artificially large as they gain artificially
enhanced width from the instrument. This was likely true for many of our
lines, which inflated the peak heights, magnitude of the slope, and therefore
resulted in a lower temperature calculation.
The instrumental setup was also not optimized for temperature
calculations. The long collection window allows for significant transients in
the plasma temperature to occur during the collection time. This leads to a
spectral averaging that dilutes the accuracy of the technique. Emissions with
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high transition probabilities tend to show higher relative strength in the
spectra when the plasma is hotter at early times. Emissions with lower
transition probabilities tend to “grow in” relatively speaking at later times since
they persist longer than emissions with higher transition probabilities. This is
why it is beneficial to select a small gate window when collecting data for
temperature measurements.
Instrument alignment is also a potential source of error. The TSI Insight™
is a commercial off the shelf product for industry and was not originally
intended for experimental research. This lead to complications in the ability to
verify key system parameters that are commonplace in systems designed for
research. For example, the fiber optic probe is set in brace which holds it in
place, aligned with the motorized xyz platform and was aligned by the
manufacturer. However, since its original installation the system was
dismantled and reassembled at least once by staff that did not have the
capability of re-checking the systems optical alignment. This may have
resulted in misalignment of the probe with the center of the plasma. If the
probe collected like primarily from the fringes of the plasma it would also
result in a lower plasma temperature measurement.
Additionally, parameters such as flash lamp/laser discharge timing, gate
delay and gate with are typically controlled via external pulse timing
generators and verified with external oscilloscopes. The TSI Insight™ system
was not designed to allow the user to take those actions.
Therefore, it is quite reasonable to surmise that the temperature
measurement illustrated in the appendix underestimates the actual plasma
temperature. However, the techniques described above to determine these
plasma parameters are well accepted techniques and with a different
instrument would be expected to provide accurate electron temperature and
density measurements for laser-induced plasmas from surrogate nuclear
debris.
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